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No experiment is ever a complete failure - it can always serve as a negative 
example. 
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GENERAL INTRODUCTION 
During the last two decades there has been a tremendous increase in 
commercial and sport diving. In the same period new methods have been 
developed of safely exposing humans to greater depths. In spite of the 
progress made in the prevention of deleterious effects of diving, still 
a considerable number of divers suffer from some form of diving patho-
logy. Although not life-threatening, the most common illness affecting 
divers and pressure workers in general has been listed as middle ear 
barotrauma. Also inner ear disturbances, not only after diving at great 
depths but also at shallow depths after short periods of time, have been 
reported with increasing frequency. In order to prevent and to treat 
many of these problems, otolaryngologists and the diving community in 
general must gain a better understanding of inner ear physiology and 
pathology in compressed gas environments. 
Studies of inner ear physiology and pathology under diving conditions 
indicate that the causes and treatment of these problems differ depending 
on the phase and type of diving. In addition, experiments in animals 
showed that hearing loss could be induced at high pressure and after the 
introduction of a mild degree of decompression sickness. For the data 
as presented in literature on inner ear pathology in humans and experimen-
tal animals, the etiology and pathology is often unclear. Although oto-
logic decompression sickness is often called upon as a separate clinical 
entity, many of the studies on this subject do not meet the rigid criteria 
necessary for hyperbaric environments. 
Therefore this study was undertaken in an attempt to investigate the 
inner ear and auditory brainstem function under hyperbaric conditions. 
Using rats with chronically implanted electrodes, the electrocochleogram 
and the brainstem electric responses could be recorded during compression 
and decompression under clearly defined conditions. 
Furthermore the function of the inner ear and brainstem were tested 
in a similar way after the introduction of a mild or grave form of de-
compression sickness. Finally, possible morphological changes in the inner 
ear structures were studied with the use of light and scanning electron 
microscopical techniques. 

CHAPTER I 
PHYSIOLOGICAL ΑΛΤ) PATHOPHYSIOLOGICAL ASPECTS OF DIVING 
1. Introduction 
One of the fascinating properties of marine mammals is their ability to 
remain submerged for extended periods of time and to dive to considerable 
depths. The maximum reported breath-holding dive, or free dive, achieved 
by man (100 m (11 ATA) by Jacques Mayol in 1977) ·' sharply contrasts with 
the record depth of 1134 m (114.4 ATA) reported for the sperm whale 
(Hempleman, 1978). Apparently, man, going underwater, breath-holding or 
with diving equipment, even when pressurized in a hyperbaric chamber, is 
confronted with forces and physiologic effects which impose certain limits 
on his well-being under these circumstances. 
Although the dangers of diving have been popularly associated with great 
depths, it is important to note that both shallow breath-hold and SCUBA 
(Self Contained Underwater Breathing Apparatus) diving present real risks 
to the diver. For a good understanding of the several medical problems in 
diving and their management the knowledge of the obligatory features of 
a hyperbaric environment is a prerequisite. In addition to a short history 
of diving techniques, the physiology and pathophysiology frequently en­
countered in hyperbaric conditions will be described in this chapter. 
Special attention will be paid to the pathophysiology of decompression 
sickness. 
1) 
Since in literature on diving different pressure units and depth equiva­
lents are used, for the literature review the specific units given by 
the authors are presented. For clarity reasons these data were converted 
in atmospheres absolute (ATA) and presented between brackets, as the 
pressure unit used in our experiments, is also atmosphere. 
The used pressure-conversion relationships are presented below, although 
it should be stated that no account has been given for the variation of 
the specific gravity with temperature and locality in case of calculating 
the depth equivalents. 
10 meter (sea)water = 33 feet (sea)water = 1 Atm. = 1 ATO = 2 ATA 
= 1 bar = IxlO5 N.nf = 100 kPa = 760 torr = 14.7 psi. 
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Comprehensive reviews on this subject have been given by Matthys (1971), 
Bennett and Elliot (1975), Shilling et al. (1976) and Strauss (1976, 1979). 
2. Short history of diving techniques 
The development in diving techniques through history can be staged into 
five different periods; i.e. free or breath-hold diving, diving bells, 
surface support or helmet (hard hat) diving, SCUBA diving and saturation 
diving. 
The earliest indications of breath-hold diving date back to c. 4500 B.C. 
with reports of an archeological dig in Bismaya (ifesoOotamia) yielding 
mother-of-pean imays. 
With breath-hold diving, gaspressure within the gas-containing spaces 
of the body approximates ambient pressure and the volume of these spaces 
decreases proportionally. In general, the depths that can be reached by 
free diving are dependent on several factors, i.e. how long the diver can 
hold his breath without the C09 level in the blood forcing him to breathe 
and the relationship between the divers total lung capacity and his 
residual volume (Strauss, 1976). 
The descent of Alexander the Great in his Colimpha (about 330 B.C.) is 
one of the earliest reports on using a device which employs trapped air 
in an inverted container, a so-called diving bell. There is little doubt 
that the diving bell was the first practical means whereby men engaged on 
engineering construction were enabled to perform their tasks under water 
in a compressed air environment. The technique of using compressed air 
in tunnels and caissons to balance the pressure of water in the subsoil 
and thus to exclude it from the workings was first conceived and patented 
by Sir Thomas Cochrane in 1830. Nfodem types of diving bells as e.g. 
tethered underwater support platforms, which provide life support ser-
vices or can be used to transport divers, are still much in use today. 
In 1620, Cornelius van Drebbel developed a one-atmosphere bell, 
basically the forerunner of all modem submarines; because of the rigid 
hull which is designed to withstand hydrostatic pressure, no volume or 
pressure changes take place in these vehicles. 
In 1774 Freminet, a French scientist, reached a depth of 50 ft (2.5 ATA) 
and stayed at this depth for one hour, using an apparatus which is 
4 
believed to be one of the earliest forms of a diving helmet. Hereby, air 
was pumped through a pipe from the surface with a bellows, allowing the 
air pressure to keep the water level below this diver's head and to let 
the air finally escape through open vents at the bottom of the helmet. 
However, it was not until the development of SCUBA that the diver was 
afforded the freedom of the breath-hold diver, enabling him to stay under 
water longer than the free diver. 
In 1865 Rouquarol and Denayrouse developed a suit with a reservoir of 
air mounted on the diver's back. Particularly interesting is the descrip-
tion of this diving gear and its use by Jules Verne in his classic 
"Twenty Thousand Leagues Under the Sea" (written in 1869) proving the 
foresight of this author. The major breakthrough came in 1943 when 
Jacques-Yves Cousteau and Emile Gagnan demonstrated their famous Aqua 
Lung which employed an on-demand intake valve; i.e. the regulator re-
leases compressed gas from the gastanks on demand during inspiration 
with a pressure proportional to the ambient pressure. So gas pressure 
within the lungs remains close to the ambient pressure but the lung 
volumes remain normal. 
The amount of inert gas, which will be absorbed or released by the 
body tissues, is almost directly proportional to the change in partial 
pressure. The rate at which different portions of the body become sa-
turated will vary, but at last, i.e. when the body has been exposed 
long enough to the higher partial pressure, saturation will be reached. 
The proces of desaturation is in principle the reverse of saturation, 
but there is a major difference between saturation and desaturation 
with regard to the effects on the tissues. The body will accomodate 
large and relative sudden increases in the partial pressure of the 
inspired gas without ill effect. However, a high pressure gra-
dient (towards the outside) with decompression can lead to serious pro-
blems, as the large pressure difference between the body tissue and the 
environment, i.e. supersaturation, can produce gas bubbles, and decom-
pression sickness may develop. The time required for a diver to decom-
press is often longer than the time spent on the bottom and so the ratio 
of the diver's worktime to decompression time is not always a favourable 
one. However, once the diver has absorbed into his tissues all the inert 
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gases that he is capable of absorbing, i.e. once a so called steady state 
is reached, the total decoTipression time is constant for a particular depth 
irrespective of the extent of time spent on the bottom. The diver now need 
not decompress more than once, instead of the many times required by other 
techniques of diving and thus adding the advantage of minimizing the 
physical risks of decompression (Bachrach, 1975). The physiological back-
ground of this concept, which has become known as saturation diving, was 
developed and presented in the mid 1950's by the U.S. Navy researchers 
Bond, Mazzonc and Workman, and coincided with the work by Cousteau and Link. 
It is far beyond the scope of this concise historical review to discuss 
the above mentioned techniques m detail or to digress on the prospects 
for the future, but investigations and speculations about man adapting 
physiologically to the underwater environment without the use of cumbersome 
equipment for protection, which always involves a certain loss of mobility, 
have lead some scientists to make exciting suggestions. For example the use 
of artificial gills, for gas exchange in water that enables divers to ob-
tain oxygen by diffusion from the water, and liquid breathing, in which 
flooding the lungs of the diver can oxygenate them as gills, are two of 
these futuristic ideas (Kylstra, 1975). 
So, throughout the evolution of diving, from the earliest breath-holding 
sponge or pearl diver to the modem saturation diver, the basic reasons 
for diving have not really changed, defence, commerce, and science continue 
to provide the underlying basis for the further development of diving. What 
has changed and continues to change radically is diving technology. 
3. Diving medicine 
Basically the effects of pressure on a diver can be divided into two m a m 
categories, those that are direct and mechanical and those that come about 
physiologically because of changes in the partial pressures of the diver's 
breathing gases. 
3.a. Direct effects of pressure 
Squeeze 
The body as a whole, made up of solids and fluids, can be exposed to large 
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pressures without ill effects due to pressure itself. 
The most important effects of pressure and pressure changes are those 
related to gas volume and to the development of pressure differences. If 
the elevated pressure in rigid or semirigid gas containing spaces of the 
body is not equalized rapidly, deformation of tissue, i.e. squeeze, and/or 
destructive pressure differences may develop. These injuries are generally 
referred to as barotrauma. Also air-tight equipment attached to the body 
like face masks, closed rubber suits, conventional suit-and-helmet diving 
are potential sources of local squeeze. 
When the breath of a diver, who has had access to pressurized gas at 
depth, is held on ascent, the volume of expanding gas may readily exceed 
the normal capacity of the lungs. The resulting increase in the airway 
system causes expansion of the air in the lungs and in the middle ear and 
pneumothorax, mediastinal and/or subcutaneous emphysema, air-embolism and 
middle ear barotrauma may follow. The same basic mechanism, i.e. a sustained 
or progressive unequalized pressure differential, can operate in a variety 
of situations and can be the cause of serious, even fatal, diving accidents. 
High Pressure Nervous Syndrome 
A remarkable pathology as a consequence of pressure was observed during 
the course of deep chamber dives in 1965 to a depth of 600 and 800 feet of 
seawater (fsw), i.e. at a pressure range of 19-25 ATA, using helium-oxygen 
gas as a breathing mixture. The subjects were noted to develop coarse 
tremors involving the extremities or even the whole body, accompanied by 
nausea, occasional vomiting, dizziness, and vertigo. This symptom complex, 
later called the High Pressure Nervous Syndrome (HPNS) has, according to 
an extensive literature review by Bennett (1974), the following characte-
ristics. 
In man, it usually appears at depths somewhat greater than 500 fsw 
(16 ATA). In animals at given compression rates, threshold pressures for 
tremors and for convulsions show strain and species variability, but the 
overall pattern is remarkably constant. The symptoms involve primarily the 
central nervous system, manifesting as neuromuscular disturbances with in-
coordination, fasciculations and tremors or as disturbances of higher 
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cerebral functions with disorientation, microsleep and (in animals) con-
vulsions. These neurological aberrations can be correlated to some degree 
with changes in the electro-encephalogram. The development and intensity 
of HPNS are enhanced by rapid compression to depth. 
This symptom complex is supposed to be a manifestation of hydrostatic 
pressure per se and/or a function of the compression rate rather than the 
result of other more indirect effects of increased ambient pressure. 
In general, symptoms abate rapidly with the beginning of decompression, 
although EEG changes may persist for longer periods. It has also been the 
consensus of many authors on this subject that there are no residual effects, 
except when the compression is continued beyond the level of the onset of 
seizure activity. As was shown in animal experiments, generalized tonic 
seizures can eventually develop, which will rapidly proceed to coma and 
death if compression is not stopped. 
Some degree of protection against this phenomenon can be given with the 
use of anaesthetic gases, anticonvulsants, or excursion diving techniques. 
As for the anaesthetic agents, it was argued that if symptoms and signs 
of HPNS are caused by a compression of lipid layers by hydrostatic pressure, 
then absorption of molecules of the anaesthetic agent into such lipid layers 
might re-expand them to their original dimension (Lever, 1971; Winter, 1975). 
The ability of a gaseous anaesthetic to prevent high-pressure convulsions 
is said to be proportional to its relative narcotic power (Bennett, 1974, 
1975). 
Support for this hypothesis can be derived from recent observations in 
which the addition of Si N-, to a helium-oxygen breathing mixture had created 
the possibility to compress divers to 650m (66 ATA) in a simulation dive, 
without signs of HPNS (Bennett, 1980). Still, it is thought that the high 
pressure nervous syndrome might set the ultimate depth limit for human 
divers. 
3.b. Indirect effects of pressure 
Some of the most inportant effects of pressure in diving physiology arise 
from the increased partial pressures of the gases in the diver's breathing 
medium (Case et al., 1941). 
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Carbon dioxide retention 
A threatening danger for the diver is the carbondioxide retention. 
In most high pressure experiments and diving operations a number of 
factors can interact causing carbondioxide retention, such as increased 
gas density, nitrogen narcosis, depressing effects of increased oxygen 
tensions on ventilation, accumulation of carbondioxide in a closed diving 
habitat, and the special carbondioxide retaining respiratory pattern some-
times found with trained divers (Schaefer, 1968). 
However with the use of open-circuit SCUBA equipment, carbondioxide in-
toxication is an unlikely event as long as the diver's breathing is adequate 
for his work load. In closed-circuit units, a canister containing carbon-
dioxide absorbent or a "carbondioxide scrubber" is often used to remove the 
exhaled carbondioxide. 
Still carbondioxide intoxication has been blamed as the cause for some 
of the fatal diving accidents. Possible ways by which these accidents might 
be explained are a subnormal respiratory response to carbondioxide leading 
to a hypercapnic central-nervous-system depression to the point of uncon-
sciousness without any adequate warning (Jarrett, 1966; Lanphier, 1957), 
and an overzealous breathholding. 
Oxygen intoxication 
It is now well known that increased partial pressures of oxygen can have 
untoward effects even at atmospheric pressure. 
As breathing of CL at increased ambient pressures can cause oxygen in-
toxication, regular sportdivers do not use pure oxygen as a breathing mix-
ture. However, the Navy sometimes uses pure oxygen in a closed-circuit re-
breather system. In this system the 0, is rebreathed after the removal of 
CCL but the allowable depth using this system is limited to 25 feet of 
seawater (1.8 ATA). Furthermore, hyperbaric oxygen is used in the treatment 
of decompression sickness. 
Although the susceptibility to the toxic effect of oxyten at high pressure 
varies greatly, interindividually and between species, two main effects are 
reported (Wood, 1975): pulmonary irritation and damage and, at a relatively 
higher pressure a more acute onset of the central nervous system oxygen 
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toxicity with, as the most dramatic manifestation, the onset of convulsions. 
The syndrome of oxygsn poisemng is a very complex one and many of the 
mechanisms involved remain to be elucidated. 
Nvtrogen narcosts 
Behnke et al. noted in 1935 that humans subjected to compressed air at 4 atm 
and above exhibited symptoms similar to alcohol intoxication. As the symp­
toms were immediate in onset and did not occur when helium-oxygen mixtures 
were used, Behnke concluded that nitrogen was the causal agent (Marshall, 
1951). 
Since then many investigators studied the phenomena of nitrogen narcosis, 
a condition which was called by Cousteau "L'Ivresse des grandes profondeurs" 
or "Rapture of the great depths", and many experiments have been conducted 
since with the use of different inert gases at high partial pressures. It 
was found that the symptoms as euphoria, overconfidence accompanied by 
dulling of mental ability and difficulty of assimillatmg facts and making 
quick and adequate decisions, due to breathing compressed air, were not 
caused by an isolated phenomenon. It appeared that many of the noble gases 
can cause similar symptoms but to a lesser degree than compressed air. 
Many suggestions have been made to explain the narcotic effects of gases, 
but the most satisfactory explanation seems to be the degree of lipid solu­
bility (Burnett, 1955, Schaefer, 1965, Bennett, 1975). Of the noble gases 
helium appeared to be less narcotic and is therefore used as the inert gas 
in the breathing mixture for deep (e.g.> 50 meter) diving and saturation 
diving techniques. 
Disadvantages of the use of helium are voice distortion and its high 
thermal conductivity. 
Deaompvessbon sickness - ьпЬтоаисЬгоп 
The state of the art on decompression sickness is a very controversial one. 
When Robert Boyle decompressed a snake m a vacuum chamber in 1670 and 
observed a bubble in its eye, he unknowingly inaugurated the study of de­
compression phenomena. The term "bends", very often used as a synonym for 
decompression sickness, came into being during the construction of the 
piers of the Brooklyn Bridge. Workers emerging from the caisson, limping 
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Table 1.1 
SYMPTOMS OF DECOMPRESSION SICKNESS (after Hills, 1977) 
II 
III 
IV(*) 
Localized pain 
(around joints) 
Lymphatic occlusion 
Urticaria 
Pruritus 
Paraesthesia 
_Subcutaneous emphysema 
Hemiplegia 
Paralysis 
Numbness 
Aphasia 
Visual disturbances 
Conculsions 
.Miscular twitching 
Headache 
Collapse 
Syncope 
Unconsciousness 
Vertigo ч 
Dizziness 
"The staggers" 
Nausea 
Vomiting 
Nystagmus 
Incoordination , 
Tinnitus > 
Partial deafness
 / 
Dysbaric osteonecrosis 
"The chokes" 
> 
; 
\ 
/ 
\ 
) 
> 
> 
\ "Limb 
г bends" 
> "Skin 
bends" 
\ "Spinal 
Г bends" 
"Vestibular 
bends" 
"Cochlear 
involvement" 
with symptoms of decompression sickness were derided by their fellows for 
"doing Grecian Bend", a designation used for the typical walking posture of 
the fashionable ladies of that era. The symptoms of decompression sickness 
are many; the predominant feature is their tremendous diversity, not only in 
the nature of the reaction of the body to the primary insult(s) but also in 
the severity and combination in which they occur. Hills (1977) has listed 
these symptoms and classified them into categories of similar physiological 
mediation of the likely primary insult(s) (table 1.1) 
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Gas absorption by the body is a crucial factor in decompression sickness. 
The quantity of a gas dissolved at a given ambient pressure in tissue is 
proportional to the partial pressure of that gas therein. The uptake of gas 
at a stable pressure decreases exponentially with time depending partly on 
both the solubility of the gas in the tissue and the rate at which gas is 
transported to the tissue by blood (Behnke, 1965). Dependent on their vas­
cularization tissues like the brain are rapidly saturated with gas in con­
trast to poorly vascularized (slow) tissues like fat. When the ambient 
pressure is decreased, the release time of gas from tissues is believed to 
be comparable to the gas uptake time as long as bubbles are not formed. 
(Strauss, 1979). However, the exact mechanism leading to bubble formation 
in decompression is still poorly understood. 
One of the basic assumptions in decompression theory is that a large 
pressure difference (ΔΡ) between the body tissues and the environment will 
produce bubbles and the larger the ΔΡ, the greater the propensity for bubble 
formation. Following an abrupt pressure change, there is a reduction in ΔΡ 
between the tissues and the environment because the body eliminates the 
accumulated gas. 
The speed by which the ΔΡ is reduced is determined by the efficiency of 
the cardio-respiratory system and the physical properties of the gas. Con­
cerning the elimination of the excess of dissolved gas molecules two major 
views are held: one supposes that it is largely dependent on the diffusion 
rate of the gas through the tissue spaces. The other concept starts from 
the viewpoint that the elimination is largely determined by the blood flow 
through the tissues. 
According to Berghage (1978), many additional factors, summarized in ta­
ble 1.2, are supposed to be involved in the formation of bubbles and the 
production of symptoms of decompression sickness associated with the super-
saturation of the body fluids with gas. However, it is beyond the competence 
of this study to discuss all these factors in detail although some of them 
will be dealt with in the relevant chapters. 
From these theoretical considerations on decompression some important 
conditions can be stipulated to avoid the risk of decompression sickness. 
In general, protection of a diver can be accomplished by decompression in 
stages to warrant sufficient nitrogen washout at each stage. Oxygen may be 
used during the last part of the decompression period in favour of nitrogen 
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Table 1.2 
FACTORS CONCERNING DECOMPRESSION SICKNESS (after Berghage, 1978) 
PHYSIOLOGICAL FACTORS 
Species differences 
Sex differences 
Race and nationality 
Age 
Body build 
Fat content 
Diet and fluid intake 
Psychological ¿anxiety) 
Fatigue 
Previous injury, disease or ill: 
Cardiovascular differences 
Biochemical factors (drugs) 
Drinking 
Smoking 
Blood differences 
Respiratory differences 
ENVIRONMENTAL FACTORS 
Inert gas used 
Inert gas partial pressure 
Duration of exposure 
Duration of decompression 
Immersion 
Time of day 
Seasonal variation 
Carbon dioxide 
Atmosphere contamination 
ss Air ions 
Humidity 
Temperature 
Exercise on the bottom 
PROCEDURAL FACTORS 
Rate of ascent 
Distance traveled (step size) 
Exercise during decompression 
Repeated exposures (adaptation) 
Oxygen partial pressure 
Stage versus uniform ascent 
Posture during decompression 
elimination. 
Décompression stokness - bubble detection 
In order to accomplish early diagnosis and/or prevention of decompression 
sickness, objective evidence of impending danger (bubbles) is required 
before clinical symptoms and signs develop. The modified Doppler ultrasonic 
device can detect moving gasemboli during decompression before symptoms 
occur (silent bubbles). 
The first observation with an ultrasonic Doppler device of gasemboli in 
the arterial and venous blood of sheep following decompression from a 200 ft 
(7 ATA) 60 minute exposure in air was made by Spencer and Campbell (1968). 
Gillis et al. (1968) showed that circulating gasemboli associated with rapid 
decompression are detectable in superficial vessels of animals (dog, swme, 
goat) by the use of an ultrasonic Doppler flowmeter transducer which is 
applied externally. Thereafter Evans and Wälder (1970) demonstrated this 
phenomenon in the guinea-pig utilizing the Doppler fetal heart-rate de-
tector. Evans, Barnard and Wälder (1972) detected venous gasemboli follo-
wing decompression after breathing oxygen-helium mixtures in chamber simu-
lated dives. 
Many investigators, after having monitored bubbles by Doppler, optically 
visualized bubbles in the arterial circulation of animals (Powell, 1972). 
From whole mount histological specimens of rat and rabbit leg muscle tissue 
it appeared that the predominant locus for gas-phase growth is in the micro-
vascular izat ion (Rubissow, 1971). 
The extensive work of Spencer et al. (1968, 1969) has shown that decom-
pression bubbles form first in the capillaries, are released into the veins 
and reach the arterial channels after overload of the pulmonary filtering 
and elimination mechanism. Pulmonary hypertension and opening of the 
Α-V shunts seem to allow their passage to the left heart and systemic arte­
ries. The supposed course of events according to Powell et al. (1977) lea­
ding from gas-phase separation to the pathophysiology of decompression sick­
ness is summarized in fig.1.1. 
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Growth by diffusion 
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C.N.S. or cardiac 
embolisation ^-Death- -Respiration difficulties 
Fig.1.1. Hypothesis to describe and explain the pathopsysiologioal consé-
quences of a gasphase in the body following decompression (modified after 
Powell, 1977) 
In contrast to this idea, there is ample evidence from animal experiments 
that bubbles in the left auricle and pulmonary vein, either resulting from 
injection of air into the vascular system or from emboli induced by decom-
pression, are very seldom present. 
In the experiments of Emerson et al. (1967), rats were exposed to pres-
sures ranging between 100 and 130 pounds per square inch (6.8 - 8.8 ATA) 
for 1 hour followed by a decompression back to atmospheric pressure. Their 
findings confirmed in the first place that it was unusual to see any bubbles 
in either the pulmonary vein, or left auricle. Furthermore, the observation 
was made that bubbles were present both in the systemic arteries and veins. 
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Bubbles in the heart, the posterior vena cava, and the aorta were a quite 
consistent finding. The conclusion reached was that following decompression 
the smaller arteries and arterioles are likely to carry a considerable vo-
lume of dissolved inert gas in excess of the ambient pressure. 
Experiments on the genesis of bubbles (Lever et al., 1966) in mice after 
rapid decompression from 150 psi (10,2 ATA) showed that gas appeared first 
in the arteries, moving distally after a latent period for 3 minutes or 
more. Then bubbles appeared in the venous system, moving centrally. 
Early in the work with animals, utilizing implanted Doppler cuff trans-
ducers, it became apparent that no symptoms of decompression sickness 
occured prior to the detection of a greatly modified Doppler signal. Con-
versely, during exposures in which the animals exhibited little or no change 
of the Doppler signal, no objective signs of decompression sickness were 
ever observed (Johanson et al., 1977). Based on these observations, using 
a broad beam 5 MHz precordial blood flow detector to monitor human subjects, 
a 5-level grading scale was developed by Johanson et al. (1977) as a method 
for quantifying the Doppler derived information. This scale was based on 
the number of bubbles per cardiac cycle. 
Although animal experimentation (with miniature pigs) by Guillerm and 
Masurel (1977) has revealed that a decompression schedule with only a few 
detectable bubbles can be regarded as safe, other investigators show some 
discrepancy in their reports on bends free dives. Powell (1977) states, that 
"for purpose of premonitory decompression sickness by the precordial Doppler 
detector, we must fully recognize that we are monitoring bubbles not only 
from bends-producing tissue but from many tissues of the body. Additionally, 
from subjects with a large proportion of adipose tissue more bubbles will 
be sent into the vena cava following decompression then from non-obese ones. 
Similarly, a less fat soluble gas (such as Helium) will produce fewer cavai 
bubbles than nitrogen." 
Precordial monitoring, granting that we are in reality detecting gasbubbles 
from a large number of tissues of the body, presumes that we are in fact 
physiologically measuring "whole body cavitation tendency." It is by no 
means certain that this will necessarily reflect the cavitation tendency 
in any given region. 
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Summarizing Doppler findings, Hills (1977) stated that only circulating 
(moving) bubbles actually are detected in the circulatory system and their 
propensity to arise seems to offer some reflections of the state of the 
critical tissues - even if late on some occasions. 
Thus a diversity of opinions can be found in literature on diving, 
although it seems fair to say that there is a good correlation between the 
number of circulating bubbles detected by Doppler methods and the likelihood 
of bends occurring, or their intensity once they have arisen. 
Besides using ultrasonic techniques, recent developments in neurophysio-
logy and biomedical equipment have made it possible to monitor electric 
responses of the brainstem and central brain area under operational (di-
ving) conditions. Moreover, in an ongoing study by Sem-Jacobson (1979) of 
operational diving in the North Sea, detection of airbubbles and associated 
brain (stem) oedema by means of Brainstem Electric Responses is thought to 
be of crucial importance in the diagnosis and treatment of unconscious di-
vers. For a detailed description of these electrophysiological techniques, 
the reader is referred to the following chapters. 
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CHAPTER II 
HEARING AND VESTIBULAR FUNCTION IN HYPERBARIC ENVIRONMENTS 
1. Introduction 
A general etiological classification of the hearing loss related to hyper­
baric environments can be seen in table 2.1. 
Table 2.1. 
HEARING LOSS RELATED TO HYPERBARIC ENVIRONMENTS 
AETIOLOGICAL CLASSIFICATION 
A CONDUCTIVE 
1) Hearing acuity under hyperbaric conditions 
a) underwater 
b) hyperbaric chamber 
- агг 
- helvum - охудек 
2) Obstruction to the external ear 
3) Tympanic membrane perforation 
a) middle ear barotrauma of descent 
b) shock wave 
c) forceful autoinflation 
4) Middle ear cleft 
a) middle ear barotrauma of descent 
b) otitis media 
c) forceful autoinflation 
В SENSORINEURAL 
1) Inner ear barotrauma 
2) Otologic problems occuring at stable deep depths 
Ъ) Otologic decompression sickness 
4) Noise induced deafness 
In the underwater and high-pressure environment i t cannot be assumed 
that the hearing organ will function with the same efficiency as in normal 
atmospheric conditions. For a better understanding, some theoretical aspects 
concerning the function of the middle ear system under hyperbaric conditions 
will be discussed f i r s t . 
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The middle ear transforms movements of the tympanic membrane into move­
ments of the stapes, thereby providing a compensation for the large diffe­
rence in acoustic impedance of the air and the inner ear fluid (Zwislocki, 
1967). This compensation is largely accomplished by the transformer action, 
which depends on the effective ratio of the areas of tympanic membrane and 
stapes footplate, and upon frequency. 
The ratio of sound pressure at the tympanic membrane P t and stapes velo­
city ν is called the impedance of the middle ear: 
ζ = -^— (i) 
m v
s 
In principle, the middle ear system can be simulated with a mechano-
acoustical system containing three kinds of mechanical elements [Marquet 
et al., 1973), i.e. mass (L), spring (C) and friction (R). 
In first approximation the impedance of the middle ear can be written as 
(2) 
where L represents the effective mass, С the compliance of the tympanic 
membrane and R a general loss factor (Feldman et al., 1976). 
It is clear from (2) that at frequencies well below the resonance fre­
quency of the middle ear system the major factor determining the middle 
ear impedance will be the stifness 1 
J
 m 
The compliance of a closed volume of air V is given by 
V 
C
o = Ζ « 
p
o
c
o 
in which the subscript о indicates standard conditions (о С and 1 Atm.). 
Both the density ρ and sound speed с change as a function of temperature 
and pressure: 
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ρ = P0.-y-. Д ^ - , (Thomas et al., 1972) (4) 
where Ρ is the atmospheric pressure and Τ the absolute temperature (Κ), 
and 
2 2 Τ c = c
o ' 273 (Hodgman et al., 1963) (5) 
From (3), (4) and (5), in first approximation one arrives at 
m 2 о 
Ρ с 
So the compliance at pressure Ρ is inversely proportional to the pressure, 
and Ζ - - — τ , — will increase with pressure, i.e. for frequencies well 
J
 m 
below the resonance frequency. 
In this simple concept of the middle ear one may defire a resonance 
frequency which will depend on pressure. The resonance frequency under 
standard conditions Γω ) is: v
 res 
(7) 
res AC 
Assuming that the mass will be independent of pressure (in first approxi­
mation) one arrives from (6) and (7) at 
ω = ω /Ρ (8) 
res о
 v J 
From (8) it is obvious that with increasing atmospheric pressure the 
resonance frequency will shift upward. 
Both effects, the increase in Ζ and the increase in resonance fre-
' m 
quency with pressure will result in a less effective middle ear system 
for frequencies below and up to the resonance frequency. These effects will 
be considered in further detail in the results section of this experimental 
study (Chapter IV), and in Chapter V with regard to the electrophysiologi­
cal data recorded from rats in hyperbaric environments. 
In the first part of this chapter, a literature survey concerning the 
hearing acuity in various gasmixtures and under high pressure conditions 
will be presented. 
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In the second part of this chapter, the etiology and mechanisms of the 
conductive and perceptive hearing losses and vertigo, clinical entities 
one frequently encounters with diving, will be discussed. 
Finally, the purpose of this experimental study is described. 
2. Hearing acuity under hyperbaric conditions 
2.a. Underwater environment 
Hearing in wet, underwater conditions presents for the human being, with 
his external ear canal designed to conduct airborne sound to the middle ear 
system, specific problems. 
Pressure transformation between the eardrum and the cochlea appears to 
be the main acoustic function of the middle ear system. With it goes a 
matching of the high cochlear input impedance to the low impedance of air 
(pc) in the external ear canal (table 1, chapter III). As impedance mat-
ching is essential for maximum transfer of acoustic energy, it can thus 
be seen that water in the external canal creates, besides having a mass 
loading effect on the tympanic membrane, an additional substantial impe-
dance mismatch (Hollien et al., 1976). This results in a dramatic attenua-
tion of the sound transmission from one medium (water) to the other (coch-
lea). 
Sivian (1947) stated that the external and middle ear systems, when the 
head is submerged in water, are expected to be effectively non-functioning. 
He suggested that the human hearing underwater would be attenuated by as 
much as 40 dB. 
According to Reysenbach de Haan (1957), the threshold in water should be 
even about 60 dB higher than in air. 
Many others have reported on the mechanism of underwater hearing (Ha-
milton (1957), Wainwright (1968), Montagne and Strickland (1961) ). These 
early studies, however, failed to provide enough basic information on the 
mechanisms of underwater hearing for a wide frequency range. For these 
reasons Brandt and Hollien (1967, 1969), carried out a meticulous investi-
gation on divers hearing using the Békesy technique underwater for a fre-
quency range of 125 to 8000 Hz. The findings from their experiments are 
summarized below and show that: 
- The hearing thresholds undenvater appeared to be 20 to 60 dB higher 
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than in air. 
- No variation in thresholds was found as a function of depth from 3.66 
meters (12 ft, 1.4 ATA) to 12 meters (35 ft, 2.1 ATA). 
- There seems to be no difference in auditory threshold whether the meatus 
is filled with water or contains a trapped air bubble. 
- No differences were found between the thresholds of divers wearing a full 
wetsuit and hood, and divers with a wetsuit and hood with tubes passing 
through the hood into the external meatus. 
- A different group of experienced divers but known beforehand as having 
conductive hearing loss was also tested; depressed air conduction hearing 
levels were not reflected as reduced underwater sensitivity, unless the 
airbone gap was accompanied by depressed bone conductivity. 
These authors assumed that the acoustic impedance of water and the human 
skull were almost identical. The final conclusion reached was, that the 
shift in auditory sensitivity on account of the above mentioned arguments 
results from a situation where underwater hearing is accomplished by bone 
conduction. 
2.b. Hyperbaric chamber environment 
Air 
Wever et al. (1948; 1942) and Rahm et al. (1956) showed that applying a 
pressure to the middle ear or external ear canal, could cause temporary im-
pairment of hearing, especially in the low frequency range. This was thought 
to be primarily due to an alteration in tension of the tympanic membrane. 
A classical study on the effects of increased ambient air pressure on the 
hearing of 26 experienced divers was carried out by Fluur and Adolfson in 
1966. Air conduction and bone conduction audiograms were made in normal air 
(1 ATA) and in hyperbaric air at 4, 7, 10 and 11 ATA and threshold eleva-
tions of 30 to 40 dB, proportional with pressure, in the middle frequency 
range were reported. No change was noted in bone conduction and the authors 
postulated that the increased ambient pressure caused a decrease in the con-
duction of sound through the middle ear system. 
In a later study on hearing discrimination in hyperbaric air, Adolfson 
and Fluur (1967) stated that the decrease in hearing discrimination was sta-
tistically significant at 7 ATA and 11 ATA. Moreover, it appeared that apart 
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from a transient conductive hearing loss, prolonged associative reactions, 
caused by hyperbaric air intoxication led to severe difficulties for a diver 
to apprehend simple common words. 
It was stated by the authors that the conductive hearing loss is related to 
increased impedance with decreased transmission of sound by the middle ear 
system, secondary to the increased gas density. 
Helium - oxygen environment 
In an attempt to investigate the behaviour of the human ear in various gas-
mixtures under hyperbaric conditions, psychoacoustical studies were performed 
on 6 experienced divers by Farmer et al. (1971) during a helium - oxygen 
chamber dive. They observed a proportional but variable elevation of the air 
conduction thresholds during compression which averaged 14 dB for 0,25, 0,5 
and 1.0 kHz, and 25 dB for 2.0 and 4 kHz at a pressure of 19 ATA. It was con­
cluded that the threshold elevation was based on depth-related, conductive 
hearing losses in the different hyperbaric conditions. 
Another study by Thomas et al. (1974) reports the results of both air and 
bone conduction [Sensory Acuity Levels, SAL) studies on 33 different divers 
during eight different saturation dives in helium - oxygen, up to 31 ATA. 
O6000 Hz 
•in A 2000 Hz 
3
 Г O1000 Hz 
• 500 Hz 
ouri. 
J ι ι ι I ι ι ι ι I I_J ι ι I_J ι ι 1 I ι 
100 500 1000 500 100 
Depth in Feet 
Fig. 2,1. Effects on increasing depths on the hearing thresholds of human di­
vers in a helium - oxygen environment (after Farmer, 1975). 
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Air conduction and bone conduction were measured at various depths during 
the compression and decompression phase as well as at stable deep depths. 
A statistically significant decrease was found at 500, 1000, 3000, 4000 Hz 
and an increase (6000 Hz) was found for the first 4 ATA. It seemed that the 
greatest amount of hearing loss occurred during the first 1 or 2 Atm. 
Comparable observations have been reported by Brandt and Hollien (1967; 
1969). 
Fig.2.1. shows the general trend of depth-related threshold shifts for various 
frequencies, which is fairly symmetrical during compression and decompres-
ion; at 2000 Hz little or no change in threshold was seen, while at 6000 Hz 
an initial improvement during the first 100 ft (4 ATA) was seen (Thomas et 
al., 1974; Farmer et al., 1975). 
None of the observed hearing losses in helium - oxygen dives, even at 31 ATA, 
were as great as the values of 30 - 40 dB noted by Fluur and Adolfson at 
11 ATA of hyperbaric air. This probably reflects in part the difference in 
density between helium - oxygen and air. 
Moreover the maximum differences in air conduction threshold elevation of 
30 to 40 dB in the middle frequency range (air) and 26 dB in the lower fre-
quency range (helium - oxygen) may be explained according to Farmer (1971) 
by the upward shift of the resonant frequency and subsequent impedance mis-
match in the presence of helium. 
In summary, one has to be careful using the outcome of the presented data 
as in some psycho-acoustical studies the effects of increased partial pres-
sures of oxygen, nitrogen and carbon dioxide on the consciousness of the 
divers were not sufficiently taken into account. 
Also, calibration studies on earphones under increased atmospheric pressures 
in both air and helium indicate a great variability within the same earphone 
during different pressurizations and between different earphones at the same 
pressure levels, so audiometrie thresholds should be evaluated with caution. 
3. Pathology of the ear related to dysbarism 
3.a. Introduction 
The first report on the effect of dysbarism on the ear dates from the 18th 
century. In 1783 Pilatre de Rozier described a case of aerotitis media after 
descent from a balloon journey, while in 1820 Hamel reported severe pain of 
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the ears during descent in a diving bell (Campbell, 1940). 
About 80 years later a first description was given about the effects of 
compressed air on the human ear from observations made in a caisson of the 
New East River Bridge by Lester and Gomez (1898). They stated that the hea-
ring power for both air and bone conduction was reduced directly in propor-
tion to the atmospheric pressure, while rupturing of the tympanic membrane 
could occur during descending in a caisson if the Eustachian tube was not 
open. 
The phenomenon of hearing disturbances of compressed air workers was deno-
minated as "caisson workers deafness" by Boot (1913). 
From the studies by Armstrong and Heim (1937) it appeared that positive and 
negative pressure on the eardrum both result in a reversible low frequency 
conductive hearing loss. Comparable observations were made by Van Dishoeck 
in 1941, who stated that any deviation from the normal tension of the human 
tympanic membrane resulted in hearing impairment. 
An acceleration of the research on auditory damage induced by extreme alte-
rations in barometric pressures was prompted by World War II (Behnke, 1944; 
Kos, 1944; Shilling, 194S, 1946; Gay-French, 1946); this was mainly on 
account of the great increase in military diving and high altitude flying, 
but there was no unanimity as to the effects reported. Some authors claimed 
a high frequency hearing loss, others a low frequency hearing loss; some 
stated that deafness could be severe and permanent, others that the auditory 
acuity was regained within a matter of hours. 
Haines and Harris (1946) highlighted these seemingly contradictory state-
ments and discredited most of the previous work because of the uncontrolled 
conditions under which most of the studies had been performed, while the 
techniques used, did not meet rigid experimental control criteria. 
Therefore they relegated these observations to historical interest only. 
A thorough prospective study was made by these authors on the causes, 
effects, prediction and treatment of aerotitis media. They stressed that the 
common effects of noise, gunfire, blast, disease, etc., must be excluded 
before auditory impairment could be attributed to aural barotrauma. 
In a study by Summitt and Reimers in 1971 noise, on account of rigorous ven-
tilating of hyperbaric chambers, was said to be a hazard to hyperbaric cham-
ber personel. 
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An audiometrie survey of U.S. Navy divers, examined as a function of four 
major variables, i.e. number of years of navy diving experience, history 
of noise exposure, history of barotrauma and type of diving equipment 
used, was done in 1976 by Brady et al.. Their results suggested that these 
variables had only minimal effects in general on the auditory acuity. When 
the hearing of these divers was compared with that of a normal population 
of non-divers, no significant differences were detected. The same conclu-
sion was reached for 135 Dutch Navy divers in a study by Brink (1977). 
However, many reports account for the detrimental effects that hyper-
baric environments can have on the hearing of the individual, and it is the 
purpose of this chapter to discuss the various etiological mechanisms by 
which this can occur. 
Throughout the literature there is a broad mixture of terms related to 
the clinical entity called aural barotrauma; e.g. middle ear squeeze, aero-
otitis, aerotitis, otitic barotrauma, aural barotrauma, altemobaric trauma, 
otic barotrauma, salpingotympanitis, hyperbaria, aviators ear and caisson 
workers deafness. The basic problems of aural barotrauma are well recognized 
and documented in the standard literature on diving medicine and compressed 
air work; this clinical entity however has been felt largely to be a rever-
sible middle ear problem. 
For many years there have been varying opinions about the possible asso-
ciation of cochlear and vestibular damage with diving. As early as 1896, 
Alt reported three cases of labyrinthitis and subsequent deafness in senso-
rineural hearing losses associated with diving. However, according to a re-
view of this particular subject (Coles, 1960), the absence of pre- and post 
incident audiograms in most cases cast doubt on the question whether senso-
rineural deafness could result from barotrauma. 
A comparable statement was made by Edmonds (1973). He considered most re-
ports on this subject as confusing and not well documented. In this 'chapter, 
a survey of the literature dealing with dysbarism and ear pathology will be 
presented. 
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З.Ь. Aural barotrauma 
З.Ь.1. Middle ear 
The normal middle ear is able to maintain a pressure almost equal to that 
of the immediate environment by the Eustachian tube (Coles, 1964; Einer, 
1971; Ballantyne, 1971). The Eustachian tube is normally closed and will 
be opened, either when the pressure gradient between the middle ear and 
pharynx reaches 20 mm Hg or by muscular activation of the tensor veli pala­
tini, levator palati and salpingopharyngeus muscles. 
So, ascending in water or decreasing the pressure in a hyperbaric chamber 
will generally cause little difficulty, because expansion of the trapped 
gas in the middle ear will simply escape when the differential pressure 
reaches 10 to 20 mm Hg (table 2.2.). 
Table 2.2. 
EFFECTS OF PRESSURE DIFFERENCE BETWEEN MIDDLE EAR AND AMBIENT AIR 
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However, some divers experience a sensation of pressure or pain and sometimes 
show a clinical condition called altemobaric vertigo (Tjemström, 1973, 
1974). These phenomena are likely due to a temporary overpressure in the 
middle ear, because interrupting of the ascent or descending again will re-
lieve the vertigo. Moreover in an experimental study a relation was esta-
blished between a unilateral high middle ear pressure and the occurrence of 
vertigo (Lundgren, 1965, 1974; Tjemström, 1973, 1974; Ingelstedt, 1974). 
Furthermore subjects who reported vertigo during the period of asymmetric 
middle ear pressure all needed high middle ear pressure for passively ope-
ning the Eustachian tube (Einer, 1971). 
Causal relationship between a high middle ear pressure and the origin of 
altemobaric vertigo is still a matter of dispute. According to Fields 
(1958) the high middle ear pressure could induce an unusual large displace-
ment of the stapes footplate, resulting in a flow of the inner ear fluid 
which stimulates the vestibular receptors. Melvill Jones (1957) rather spe-
culatively suggested that in susceptible subjects, the bony wall of the 
horizontal canal is so thin that at high pressure a kind of fistula symptom 
can be elicited. 
Other possibilities have been proposed by Ingelstedt (1974); according to 
the first a displacement of both stapes footplate and the round window is 
considered as the underlying stimulus for the origin of altemobaric vertigo, 
the second possibility being an induction of a circulatory insufficiency in 
the middle ear. Because bloodvessel connections between the middle ear and 
inner ear structures were assumed by Ingelstedt, this circulatory insuffi-
ciency could also affect the inner ear. 
However, these are all hypotheses, lacking experimental evidence. The only 
valid statements that can be made on altemobaric vertigo are, that it 
occurs at only moderate pressure changes and that it is not induced at the 
moment of pressure regulation but during the period of asymmetric middle ear 
pressure when the overpressure in the not-cleared ear has reached a certain 
level. 
The most common complaint during increased pressure changes is difficulty 
in "clearing" of the ears on descending. This refers to a general condition 
of relative underpressure in the middle ear cavity. 
Armstrong and Heim (1937) demonstrated that in general, with increasing 
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ambient pressure, the Eustachian tube remains closed unless it is opened 
voluntarily. Therefore frequent clearing of the ears by swallowing, yawning 
or the Valsalva manoeuvre is important in order to achieve pressure equali-
zation. However, if equalization of the pressure difference does not occur, 
as will be the case generally speaking with dysfunctioning of the Eustachian 
tube, barotrauma of descent will be the consequence (Riu, 1969; Shilling, 
1976). 
Armstrong and Heim (1937) designated this condition aero- otitis media and 
stated that this syndrome is characterized by congestion, inflammation, 
discomfort and pam in the middle ear, sometimes accompanied by tinnitis, 
vertigo, temporary or even permanent hearing loss. The pathological changes 
were early classified by Teed (1944) according to the aspect of the tym-
panic membrane: 
grade 0: Normal appearance of the tympanic membrane. 
grade 1: Retraction of the eardrum with redness in the Shrapnells' membrane 
and along the manubrium. 
grade 2: Retraction of the drum with redness of the entire drum. 
grade 3: As grade 2 plus evidence of fluid in the middle ear. 
grade 4. Blood in the middle ear and/or perforation of the drum. 
In 1959 Taylor reviewed the subject on aero-otitis media and summarized 
the sequence of events as follows: 
Depending in part on the amount of pressure difference (Table 2.2) and the 
length of time before the pressures are equalized, varying pathological 
changes of the lumen of the middle ear can be induced by a "suction effect." 
The changes vary from a slight retraction of the tympanic membrane m mild 
cases, increasing engorgement of the vessels of the middle ear mucosa, con-
gestion, accumulation of a serosanguinous fluid, and m very severe cases 
rupturing of the vessels and perforation of the tympanic membrane. In this 
latter case water will enter the middle ear and may cause severe dizziness, 
nausea and vomiting, obviously potentially dangerous to the diver. 
Besides these more or less acute effects of barotrauma of descent, a study 
by Ivarson et al. (1980) was undertaken to investigate to what extent re-
peated mmor barotraumas might cause changes in the elastic properties of 
the tympanic membrane. 
It appeared that experienced divers had an increased mobility of the tym-
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panic membrane as compared to non-diving subjects probably due to the large 
changes in middle ear pressures as a consequence of frequent equilibration 
manoeuvres with the rapid increases in ambient pressure during descent. 
Apart from a lack of pressure equilibration as the main cause of middle 
ear barotrauma, conditions like cerumen, exostosis and otitis externa fre-
quently encountered in divers can be the underlying cause in hearing loss 
when the external meatus is completely obstructed (Summitt, 1971; Alcock, 
1976). 
When the diver is breathing a gasmixture with a pressure equivalent to that 
of the environment (when the orifice of the Eustachian tube is open), in 
the case of obstruction of the external meatus the tympanic membrane will 
bulge outwards on descent and can rupture. This condition is called 
"reversed ear" (Head, 1975). 
The hearing loss found with divers caused by a tympanic membrane perforation, 
depends partly on the size and localization of the perforation (Ahmad, 1979), 
on the presence of gross signs of haemorrhage in the middle ear and/or dis-
tortion of the ossicular chain. 
Besides the middle ear barotrauma of descent, another aetiology of tym-
panic membrane perforation, frequently encountered with divers, is the for-
ceful Valsalva manoeuvre (Keller, 1958). The pressures produced are not 
only harmful to the middle ear structures, but also to the inner ear (Boni, 
1979) and this will be discussed in the next section. 
3.b. Aural barotrauma 
3.b.2. Inner ear 
Because of the rather complicated structure of the inner ear, some anatomi-
cal features will be reported first. 
The main constituent of the inner ear is the endolymphatic space, filled 
with endolymph and lined with various kinds of epithelium. The endolymphatic 
space of the hearing organ (cochlear duct) is in open connection with that 
of the vestibular organ (saccule, utricle and semicircular canals) by the 
reunien duct (fig.2.2). The cochlear duct (scale media), triangular in 
transverse section is attached to a central axis, the modiolus, that har-
bours the fibres of the acoustic nerve (fig.2.3, 2.4). 
31 
Fig.2.2. Different routes aonaevning the aetiology of inner ear barotrauma 
(after Goodhill, 1971). 
u: utriaulus, sa: saaaulus, rd: reunien duot, es: endolymphatic sao, 
sa: semiairaular canals, ps: perineural space, avn: acoustiao-vestibular 
nerve, ca: cochlear aquaduct, em: external meatus, me: middle ear, m: mal-
leus, i: incus, s: stapes, et: Eustachian tube, rw: round window membrane, 
st: scala tympani, ad: cochlear duct, sv: scala vestibuli, s: stria vascu-
laris, si: spiral ligament, c: bony capsule, o: organ of Corti, rm: Reiss-
ner's membrane, sp: spiral ganglion, m: modiolus 
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Fig.2.Ζ. (U.E., χ 23) Fig. 2.4. (Η.Ε., χ 50) 
Fig.Sj 4. Miorographs of sections through the cochlea of a rat (Hematoxylin-
Eosin). 
On two sides, the scale media is surrounded by spaces filled with perilymph, 
the scala tympani and the scala vestibuli, which meet at the top of the 
cochlea, the helicotrema. The separation between scala media and scala vesti­
buli is formed by Reissner's membrane. The basilar membrane, bearing the 
sensory and supporting cells of the organ of Corti, separates the scala 
media from the scala tympani. The stria vascularis, a secretory structure 
of crucial importance in the regulation of the composition of the endolymph, 
constitutes the lining of the third side of the triangular scala media. It 
rests on a connective tissue layer, the spiral ligament, which is in conti­
nuity with the bony capsule of the cochlea. The bipolar nerve fibres that 
innervate the organ of Corti course to the modiolus to form the acoustic 
nerve. They have their cell body in the spiral ganglion and make synaptic 
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contact with second order fibres in the cochlear nucleus. 
A clear indication for a causal relationship between inner ear pathology 
and dysbarism can be derived from the case histories reported in 1964 by 
McFie. Three patients suffered from permanent unilateral hearing loss after 
SCUBA diving. The onset of hearing loss appeared to be related to forceful 
auto-inflation used to overcome Eustachian tube blockage. Similar observa-
tions have been reported by Eichel et al. (1979) and Fee (1968). 
With regard to the etiology of sensorineural hearing loss with diving, 
membrane ruptures in the inner ear were first proposed and illustrated by 
Simmons in 1968. Goodhill (1971, 1972, 1973) drew attention to the concept 
of labyrinthine window rupture as a possible explanation of profound sudden 
deafness with exertion. He suggested two major routes by which the membrane 
ruptures could occur, i.e. the explosive and implosive route. 
For a good understanding of the underlying mechanisms the communication 
routes between the cerebrospinal fluid and the inner ear will be briefly 
described. 
In the first place the CSF can reach the perilymphatic cavity along the 
perineural spaces of the auditory and vestibular fibres. 
In the second place according to Kimura (1974), a direct communication 
exists between the internal auditory canal and the scala tympani of the ba-
sal turn. 
In the third place, a communication can be provided between the cerebral 
cavity and the basal turn of the scala tympani by the cochlear aquaduct. 
This duct gives a wide communication in most lower animals but in man it is 
seldom widely patent (Kimura, 1974; Masuda et al., 1971; Sando et al., 1971). 
The suggested explosive (thin arrows) and implosive pathways (fat arrows) 
are shown in fig.2.2. and fig.2.5. 
Explosive route 
Exertion may involve an .increase in CSF pressure. The above mentioned routes 
by which the CSF can reach the perilymphatic system are potential pathways 
for transmission of the CSF pressure to the perilymphatic system. 
Experimental evidence for this supposition can be derived from a study made 
by Beentjes (1972) on the cat. He showed that fluctuations in the CSF pres-
sure are reflected, although somewhat attenuated, in the perilymph and the 
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Fig. 2. 5. Diagramatia representation of the different routes aonoeming the 
aetiology of inner ecœ barotrauma {after Goodhill, 1971). 
endolymph. Moreover, an abrupt rise in the cerebrospinal fluid pressure was 
followed by a similar rise in the pressure of the perilymph and subsequently 
that of the endolymph, although it is generally accepted that the narrow 
diameter of the cochlear aquaduct in adult humans has a smoothening effect 
on the transfer of transient increases in CSF pressure. 
Goodhill (1971) suggested the persistence of a wide infantile type of coch-
lear aquaduct in some adults to explain inner ear membrane rupture in diving. 
According to this assumption a sudden increase in CSF pressure will be trans-
mitted at full force to the inner ear membranes including the round window, 
and can result in an explosive membrane rupture. 
Implosive route 
Via this route sudden pressure increases in the middle ear are supposed to 
be the cause of ruptures of the window and inner ear-membranes. 
Sudden increases in middle ear pressure can be established by forceful 
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Valsalva manoeuvres as has been, mentioned before. 
Freeman et al. (1972) reported on inner ear pathology of two experienced 
divers who had difficulty with auto-mflation while diving. The clinical 
picture in both cases was different, one suffered from increasing bilateral 
sensorineural loss over several days with mild vertigo, the other had pro-
nounced vertigo without any cochlear symptoms or signs. 
Surgical exploration revealed rupture of the round window membrane in both 
cases. Closing of the defects gave satisfactory results, the first with im-
provement of hearing and the second with preservation of hearing and dis-
appearance of vertigo. 
Two years later Freeman et al. (1974), described five experienced divers who 
developed significant sensorineural hearing losses with and without vertigo 
during or shortly after shallow air-dives. All divers had difficulties with 
ear clearing during descent or exhibited evidence of middle ear barotrauma. 
A round window membrane rupture in a diver who developed a sudden senso-
rineural hearing loss in the left ear three days after SCUBA diving to a 
depth of 9 meters, was reported by Pullen (1972). He stated that clues to 
the diagnosis appear to be a history of exertion, the suddenness of the hea-
ring loss and the lack of vestibular signs. 
The same author also described round window membrane ruptures in four other 
cases. In three of these patients he found an anatomical variant, i.e. the 
absence of a well-defined round window niche. According to these observations 
the anatomical variation was suggested to be predisposing factor for rup-
turing. This fits in with a case history reported by Goodman (1978). He 
found a round window rupture secondary to barotrauma in a patient with an 
abnormally large round window niche- and membrane. 
Edmonds et al. (1972, 1973, 1974) noted that cases of round window fistulae 
in divers are quite often associated with sensorineural deafness with vary-
ing degrees of vestibular dysfunction and middle ear barotrauma. McNicoll 
(1978) even reported one case with a combination of a traumatic perforation 
m the tympanic membrane and a total rupture of the round window as a con-
sequence of a shallow (6 feet, 1,2 ATA) dive. 
Apart from round window rupture with damage to the inner ear, also fistu-
lae of the oval window in the area of the annular ligament, isolated or in 
combination with round window fistulae have been reported by Goodhill (1973) 
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as a consequence of physical stress to the middle ear. 
Concerning the course of events in inner ear barotrauma by the implosive 
route, it can be postulated that a sudden increase of the middle ear pressure 
by a forceful Valsalva manoeuvre can have a direct effect on the round window 
membrane but simultaneously an outward displacement of tympanic membrane and 
ossicular chain can occur. In this way an implosive rupture of the round 
window and/or a tear of the ligament of the oval window can come about. Ac­
cording to Freeman et al. (1974) a sudden outward movement of the stapes 
can result in cochlear damage, even without rupturing of the windows. 
Another hypothesis is, that a barotraumatic pressure, applied to the outside 
of the tympanic membrane, can cause via the ossicular chain a marked inward 
incursion of the stapedial footplate, thereby causing an explosive rupture 
of the round window membrane (McNicoll, 1978). 
3.C. Inner ear pathology and decompression sickness 
З.С.1. Hearing disorders 
Inner ear injuries without any indication of a barotraumatic etiology, oc­
curring during and after ascent or decompression have been reported more 
frequently with the increase of exposures to larger depths in recent years 
(Biihlman and Waldvogel, 1967; Harris, 1971). 
Farmer (1976) reported on severe sensorineural hearing loss in Navy divers, 
which seemed unmistakably related to decompression sickness. Although the 
hearing recovered completely with recompression therapy in most cases, some 
of these divers appeared to have a permanent hearing loss. According to this 
author, a hearing loss which disappears after recompression, is likely to 
be attributed to sustained bubble formation in one or more branches of the 
vascular supply of the inner ear. In divers not responding to recompression 
therapy, microhemorrhage in the cochlea was postulated as the cause of irre­
versible hearing loss. 
A relationship between this type of sensorineural hearing loss and the depth 
of diving can be derived from a report of Biihlman and Gehring (1976). They 
described tinnitus and hearing loss after decompression from depths ranging 
from 30 to 350 meter (4 to 36 ATA). There appeared to be a strong increase 
in the frequency of occurrence of the hearing loss with increasing depths. 
Statistical analysis of the decompression schedules of the cases with inner 
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ear disorders showed that for the tissues with the half-time values of 45, 
60 and 90 minutes evident critical oversaturation factors were present. 
From a subsequent series of decompression schedules where no such hearing 
disturbances occurred with the use of lower oversaturation factors, the 
authors concluded that local bubble formation may be a major causal factor 
in the origin of this pathology after deep diving using He - 0-, mixtures 
or after long-lasting exposures with compressed air. 
Since tissues are saturated by He about 2.6 times faster than by K, (Buhl-
man, 1969), there is a much greater risk that the tissue concerned will 
reach a critical point of oversaturation. 
Several mechanisms have been postulated for the perturbation of the inner 
ear during decompression. Hills(1977) has reviewed these different mechanisms, 
and summarized the ways by which the inner ear can be damaged. Six different 
possibilities were postulated 
- diffusion of gas across the round and oval window with subsequent cavita-
tion during decompression, 
- supersaturation by counter diffusion across a membrane such as the round 
window membrane resulting m bubbles at the interface between the middle 
ear and inner ear, 
- occlusion of the vasucular supply to the inner ear by circulating bubbles, 
- impaired perfusion due to a localized collection (stasis) of perilymph 
causing difficulty in eliminating inert gas during decompression, 
- supersaturation of the perilymph and/or endolymph by counter perfusion, 
- gas-osmosis with subsequent shift of fluid between endolymph (perfused 
with blood) and perilymph (saturated with the gas in the middle ear). 
Concerning counter diffusion supersaturation, Hills assumed that the degree 
of the supersaturation is influenced by the relative thickness of layers 
such as the oval and round window membrane and the Reissner's membrane. 
With respect to the concept of counter perfusion supersaturation, super-
saturation by dissolved gases can occur in any system where a diffusive 
(e.g. helium temporarely "dumped" in extravascular sites) and a convective 
(e.g. blood carrying nitrogen after a switch to air) resistance lie in series 
with respect to the counter transfer of two gases, provided the source of the 
faster diffusing gas lies adjacent to the diffusion barrier. 
It would explain bubble formation within the fluid compartments of the inner 
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ear during nitrogen: oxygen breathing in a heliox environment and appears to 
offer also a particularly plausible explanation for the intravascular bubbles 
produced in steady state conditions. 
Besides the above-mentioned mechanism of gas-induced osmosis by Hills, 
another hypothesis as an explanation for bubble formation at stable deep 
depth during gas exchange has been given by Idicula et al. (1976). 
They showed by use of mathematical and physical models of stable isobaric 
counter diffusion that true gas supersaturation and bubble formation can be 
expected to occur. 
This isobaric gas counter diffusion principle has been postulated to be 
associated with sudden inner ear dysfunction during the period of actual 
exposure to different respiratory and ambient inert gases (Lambertsen, 1975; 
Fanner, 1977; Dueker, 1979; Hills, 1977). 
In general it was felt by these authors that bubble formation can occur at 
the tissue interfaces, such as the partitions of the different inner ear 
structures, on account of the diffusion of the newly dissolved gas with re-
versed diffusion of the previously dissolved inert gas. 
However, it is agreed upon that the understanding of the mechanisms of inner 
ear injuries occurring at stable deep depths in association with changes in 
inert gas composition awaits further investigation. 
Apart from the above-mentioned suggestions Philip et al. (1971) have dis-
cussed the involvement of platelets, lipids and fibrin in experimental de-
compression sickness. It is believed that hearing disorders in human divers 
might be caused by forming microtrombi similar to those encountered in dis-
seminated intravascular coagulation. 
From the literature on hearing disturbances and diving, there is one report 
from which a lesion located in the central auditory system seems likely. 
Thornton (1976) described a Royal Navy diver who suffered from decompression 
sickness after a helium-oxygen dive. The audiometrie threshold and the tests 
on central auditory function showed signs of abnormality. Furthermore, the 
brainstem responses derived by surface electrodes on the scalp were abnormal ; 
i.e. the responses which were believed to arise at the level of the superior 
olivary complex and the inferior colliculus could not be clearly measured. 
In the course of one year after first testing the central auditory tests as 
well as the brainstem responses became normal again. It was postulated by 
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the authors that bubbles of helium had apparently created (resersible) mi-
crolesions within the brainstem. 
3.C.2. Vestibular disorders 
Because of the close anatomical relationship between hearing organ and vesti-
bular apparatus, it will be clear that in cases of inner ear barotrauma or 
inner ear decompression sickness, as described in the previous sections, the 
vestibular apparatus can be involved (Coles, 1976; Molvaer, 1978; Soss, 1971; 
Almour, 1942; Terry et al., 1966; Kennedy, 1974; Edmonds and Blackwood, 1975; 
Rubinstein et al., 1971; Landolt, 1979). 
From many reports on hearing disturbances as a consequence of diving it ap-
pears that these are frequently associated with vestibular disorders like 
dizziness and vertigo. These phenomena can be transient or permanent and of 
varying severity. Concerning the etiology the same causal factors have been 
proposed as in the case of sensorineural hearing loss. 
An etiological classification of vertigo in. diving, currently found in the 
literature (Caruso, 1977) is shown in table 2.3. 
Table 2.3. 
VERTIGO IN DIVING - AETIOLOGICAL CLASSIFICATION (after Caruso, 1977) 
DUE TO UNEQUAL VESTIBULAR STIMULATION DUE TO UNEQUAL VESTIBULAR RESPONSES 
1. LalOTiL Î. CaloriL 
d) Unilateral external auditory Limai obstruction 
(1) Cerumen 2. Barotrauma 
(2) Oti t is externa 
(5) MiSLellaneoub 5. Abnormal gas pressures 
b) Тутпралк membrane perforation J. Sensory deprevation 
(1) Shock uave 
(2) Middle ear barotrauma of descent 
(3) Fort-eful autoinflation 
1. Barotrauma external and/or middle car 
a) fjctemal car barotrauma of desLcnt 
b) Middle car barotrauma of descent 
О Middle ear barotrauma of ascent 
d) Forceful autoinflation 
>. Inner car barotrauma 
a) Fistula of the round windou 
hi Fistula of the oval window 
4. Decompression sickness 
a) Peripheral decompression sickness 
hi Central decomprebbion sickness 
О Peripheral and central decompression sickness 
5. Air embolism 
b. Miscellaneous 
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Although the present experimental research does not deal with the vestibular 
disorders per se some aspects will be discussed briefly. 
Besides an induced pathological functioning of the vestibular system, un-
equal caloric stimulation of both labyrinths leading to vertigo and dizzi-
ness can occur during diving. This can easily happen in cases of an asymme-
try in the anatomy of the external meatuses due to accumulated cerumen, bony 
exostoses, otitis externa or a perforation in one of the tympanic membranes 
(Edmonds, 1973). 
Also, as has been mentioned before, altemobaric vertigo may occur during 
diving. 
Obviously, because a normally functioning vestibular system is of crucial 
importance in spatial orientation, any disturbances during diving leading 
to unsteadiness and disorientation can be life-threatening. 
Although most reports on sensorineural hearing loss and vestibular disorders 
during diving deal with symptoms related to dysfunction of the peripheral 
end-organ, some authors stress the possibility of symptoms related to the 
effects of diving pathology upon the CNS (Farmer, 1974, 1975, 1977; Braith-
waite et al.,1974). 
Also the effect of hyperbaric condition on the vestibular apparatus has been 
the subject of animal experiments. Recently Landolt (1979) reported on in-
duced vestibular dysfunction in squirrel monkeys during rapid decompression 
from a sinulated depth of 300 m (31 ATA). Vestibular function was assessed 
pre- and postdive and morphological studies were done on the inner ear and 
the brains of monkeys following a dive. A vestibular hit, identified by the 
onset of a vigorous spontaneous nystagmus during ascent, was produced in 35*o 
of the animals. A precipitated granular material was found in all otic fluid 
spaces of the inner ear and in particular as an adherent to the gelatinous 
cupula of the crista ampullaris. In any scala, along any turn of the cochlea, 
hemorrhages were commonly seen. The most remarkable finding however was the 
presence of fibrous tissue and new bone growth in the semicircular canals of 
the monkeys that were sacrified from 1 month to 1 year after the dive. It 
was suggested by the authors that bubbles form in the labyrinthine blood-
vessels and otic fluid spaces, causing gross disruptions in the labyrinthine 
membranous structures and cochlea. 
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3.d. Animal experiments 
Several attempts have been made to study in experimental animals the effects 
of hyperbaric conditions on the inner ear. 
In a study made by Miller (1971) on cats it appeared that the cochlear micro-
phonic potentials did not recover to the predive value after pressurization 
to 11 ATA. 
Comparable observations have been made by McCormick et al. (1972). They com-
pressed guinea pigs with an open bulla to avoid barotrauma to a simulated 
depth of 300 ft (10 ATA). Measuring of the cochlear microphonic 10 minutes 
postdive revealed a sensorineural hearing loss of 50 dB. In a later study, 
McCormick et al. (1973, 1978) dived guinea pigs in a breathing medium of 
helium-oxygen; in an attempt to study decompression sickness, some of the 
stops required for adequate decompression were eliminated. Postdive a hea-
ring loss ranging from 20 - 80 dB was found while also a vestibular dys-
function was observed. Histological studies revealed the presence of protein 
and of hemorrhage in the perilymph. From the observation that predive admi-
nistration of heparin had a protective effect on the degree of hearing loss 
it was postulated that this effect could be attributed to vascular embolic, 
thrombolic and hypercoagulation problems. This fits in with the involvement 
of platelets and microthrombi in experimental decompression sickness as 
suggested by Philip et al. (1971). 
Very extensive damage to the inner ear after compression of guinea pigs to 
an equivalent depth of 200 meter (21 ATA) in helium-oxygen has been reported 
by Long (1976). He described hemorrhage in the cochlea and vestibulum, rup-
tures of the cochlear membranes and dilation of the cochlear duct. 
Similar findings had been made by Lamkin et al. (1976) in studying the ef-
fects of aural barotrauma in an experimental model. However, these authors 
stated to interprete these findings with great circumspection due to the 
methods used. 
4. Purpose of this study 
An analysis of the reported data on the association of inner ear pathology 
and hyperbaric conditions demonstrates that in the majority of the cases 
there is no proper insight into the course of events leading to inner ear 
damage. Furthermore although some experimental studies give some clear 
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evidence of hearing loss and circumscribed inner ear pathology one has to be 
extremely careful in the interpretation of these observations because the 
used electrophysiological and morphological techniques are in many cases 
open to critisism. Moreover, data on the used compression and decompression 
schemes are often insufficient, while the interference of middle ear baro-
trauma is not always excluded. Finally a crucial lack in the studies on 
inner ear disease and hyperbaric conditions is the absence of electrophysio-
logical data on the inner ear function during the stages of compression and 
decompression. 
The purpose of this study was to investigate the functioning of the hea-
ring organ under carefully defined hyperbaric conditions. For that purpose 
safe and unsafe diving schemes were used. 
The functioning of the inner ear was registered with electrophysiological 
techniques, i.e. Electrocochleographly (ECoG) and Brainstem Electric Respon-
ses (BER). 
In addition the inner ear structures were studied with the use of scanning 
electron microscopy and light-microscopy. 
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Fig. 3.1. Bloak diagram apparatus for hyperbaric chamber 
CHAPTER III 
MATERIALS AND METHODS 
1. Introduction 
In this chapter the methods used for creating high pressure conditions, for 
long term derivation of the electrical signals of the auditory system and 
for morphological investigations of the inner ear will be described. 
Although very sophisticated habitats for long term high pressure exposures 
of laboratory animals have been described, for the present relatively short 
term experiments less precise monitoring is sufficient. 
The habitat was developed by the instrumental service of the Medical Fa­
culty and especially adapted for housing rats. 
This animal was chosen because many data are available on its behaviour in 
hyperbaric conditions. Moreover the rat has been the subject of a large 
variety of studies on the auditory and vestibular system in our laboratory. 
2.a. Monitoring equipment 
A diagrammatical representation of the hyperbaric chamber and the monitoring 
apparatus used is given in fig.3.1. 
The chamber was made of a steel tube, length 55 cm, diameter 14 cm with a 
wall thickness of 1,6 cm, having a total volume of about 5 1. 
Both ends of the chamber could be closed by steel flanges (Wijnans, 1978) 
each secured to the cylinder by twelve steel bolts (0 1.5 cm). 
The left flange was run through by 19 electrically isolated connectors for 
recording purposes, the right flange was fit with a perspex window (φ 7 cm). 
For observing the animal during the experimental procedures, transillumina­
tion of the chamber was carried out by battery fed light. The inlet of the 
tank could be connected to three different gas-delivery systems through 
opening of the different tabs. The outlet was connected to two flowmeters 
with a capacity of 0 - 18 Itrs/hrs, and 0 - 1 2 Itrs/hrs respectively. 
The chamber atmosphere was monitored with a membrane-covered Polarographie 
oxygen electrode (Kimmich et al., 1969). 
Carbon dioxide levels were monitored with a Η and В infrared-gasanalysator, 
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Uras MT. With the use of a Sodasorb (Wilson Soda Lime, Dewey and Almy 
Chemical Division, W.R.Grace and Cie) containing canister inside the cham­
ber, C0? concentration was kept below 0.5o. 
As a control, gas samples, taken during decompression at the different re­
cording levels by a volumetric gas analyzer (Scholander, 1947) showed on 
consecutive runs a CO-, percentage well below 0.2° surface equivalent. 
Chamber pressure was monitored with a 0 to 25 ATO (i.e. 1 to 26 ATA) pres­
sure gauge (Bourdon, France) and maintained within 0.1 atmosphere of the 
specified pressure. 
By means of an external heating cord (Pilz energicregler, type 1678, 
W 3300, Heraeus-Wittmann Heidelberg, W.Germany) wrapped around the tank, 
the temperature inside the chamber (monitored with a Normatemp PT-100) 
was manually adjustable and kept at 30 +_ 1 С The body temperature of the 
animal was measured with a rectal probe (thermocouple Copper-Constantan) 
and recorded with a Spotlight Galvanometer (type GVM 22a, Radiometer, Co­
penhagen , Denmark). 
2.b. Fixation frame 
Fig.3.2. shows a photograph of the fixation frame. The basic model of this 
fixation frame developed m our laboratory is used for a variety of studies 
on the inner ear and upper airway system of the rat. A few adjustments had 
to be made to make this fixation frame suitable for this particular experi­
mental set-up. 
The fixation table was mounted on a PVC base with a broad slot. 
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Underneath this slot a canister, containing Sodasorb , was clamped to the 
base plate. 
Furthermore a circular hole was made for advancing the Doppler transducer 
to contact the pre-cordial skin region of the animal (see Chapter III. 3.b). 
The metal concave neckclamps, the perspex hood and the adjustable stud and 
nose ring fixed on the base plate secured a stable immobilized prone posi­
tion of the animal on the fixation table. 
For a reproducible positioning of the sound source in the various experi­
ments, a metal post was mounted on the front part of the base plate. With 
the use of an adjustable block, housing a metal bar at which end the ear­
phone was glued, the earphone could be moved in three directions. 
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Fig.3.2. Photograph of fixation frame and DT-48 earphone. 
As a sound source a DT-48 earphone, supplied with a PVC-speculum, was used. 
For stimulation the speculum was precisely secured in the external meatus 
of the rat. 
2.с Profiles 
In keeping with the ultimate goal of our experiments, different dive pro­
files had to be used in order to create a crude differential outcome, i.e. 
bends versus no-bends conditions. 
Unfortunately, although the role of pressure reduction in the formation and 
growth of bubbles is universally recognised and its significance in decom­
pression theory has been accepted, the exact allowable limits of pressure 
reduction for man and animal are uncertain. 
The convenience of using small laboratory animals such as rats for decom­
pression sickness studies has been offset by the difficulty of assessing 
decompression stress which is less than debilitating or fatal. 
The most sensitive observable change, indicating decompression sickness in 
awake, unrestrained small animals, is change in normal respiratory pattern, 
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and this is often followed by the death of the animal. 
Subjective methods of evaluating thresholds of decompression stress on small 
animals are, therefore, relatively imprecise and demand large numbers of 
animals for statistical validity. 
Since observed changes are a result of a major decompression stress, thres­
hold determinations for the onset of decompression sickness could be more 
accurately determined by monitoring a presymptomatic parameter, i.e. the 
threshold of intravascular bubble detection. This statement is based on the 
experiments of Watt and Lin (1979, 1980). They determined the threshold of 
decompression induced intravascular bubble detection which precedes obser­
vable symptoms in the awake rat. The animals, surgically prepared with an 
implant of a 2 mm perivascular Doppler probe on the posterior vena cava, 
were pressurized with compressed air to pressures varying from 3 to 10 ATA. 
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Fig. 3.3. Doppler - determined décom-
pression sickness thresholds based 
on the detection of venous gas embo-
li in the rat during the first pres-
sure exposure (after Lin, 1980) 
Their data, shown in fig.3.3., indicate the greatest ΔΡ values not producing 
bubbles, and the smallest ΔΡ values where bubbles were detected during the 
first pressure exposures. Upper dashed lines indicate incidence levels for 
decompression sickness based on behavioural observation of Berghage et al. 
(1976). At the threshold of decompression induced intravascular bubble for­
mation, the rats showed no detectable signs indicating decompression sick­
ness. It was concluded fron this study that the Doppler indices were clearly 
more sensitive and advantageous, over the behavioural determination of decom-
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pression sickness. 
A study by Berghage et al. (1978) sought to evaluate the pressure-reduction 
limits for rats following steady-state exposures at pressures greater than 
1 ATA. To define this relationship, 350 albino rats were exposed to 1 of 
12 specified pressure levels in helium - oxygen environments (P
n
 = 0.51 ATA) 
u2 
between 6 and 60 ATA. The pressure - reduction levels were selected to de­
termine for each saturation (40 min. bottom time) exposure level an ED-50 
(i.e. the effective dose that will produce decompression sickness in 50% of 
the animals). The presence of decompression sickness was evaluated on be­
havioural observations, i.e. using "tumbling in the cage" criteria. 
One of their conclusions reached was, that the magnitude of pressure change 
required to increase the incidence of decompression sickness from 101 to 
901, is directly related to the magnitude of the exposure pressure. 
At the low pressure levels, a change of ΔΡ of a fraction of an atmosphere 
made the difference between a low and high incidence of decompression sick­
ness. At higher exposure pressures, the delineation is not quite as sharp 
and the degree of ΔΡ tolerance is increased (fig.3.4). 
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Fig.Ζ.4. Pressure change required to increase the incidence of decompression 
sickness from 5% to 95% for various saturation-exposure pressures (after 
Berghage et al., 1976). 
Furthermore, the magnitude of the ΔΡ, i.e. the initial pressure change from 
the saturation-exposure pressure (20 ATA) to the first stop with decompres­
sion for the dive profiles (A3B or C), is presented. 
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This move away from a precise threshold range is an important concept that 
will have to be considered in scoring the change in bends incidence asso­
ciated with pressure reduction, as is done in our experiments. 
The above mentioned statement on the accuracy of (pre-symptomic) moni­
tored decompression induced intravascular bubble detection threshold, was 
used to develop in cooperation with Vann (1980) and Bennett (1980) a dive 
profile in which no bubbles were detected. This was called dive profile 
type A. 
The data of Berghage et al. (1976, 1978) were taken to construct profiles, 
on which the animals were considered to encounter decompression sickness to 
a varying degree, depending on the profile used. 
In dive profile type B, a ΔΡ of 13 átm. after saturation exposure on helium 
- oxygen at 20 ATA (45 min.) was created, in order to establish an increase 
of the incidence of decompression sickness around 50o6. 
In dive profile type C, the animals were taken right down to 1 ATA, in-
creasing the incidence level of decompression sickness well beyond 951, i.e. 
creating a ΔΡ of 19 atm. (fig.3.4). 
- compression phase 
The compression phase of all three profiles was the same and the sequence of 
events was as follows: The animals were allowed to adapt at 1 ATA (0 ATO) 
inside the chamber for 45 minutes (in air). Thereafter the chaJnber was ven­
tilated for 5 minutes with oxygen to remove the existing 0.79 ATA of nitro­
gen. Then compression was performed to 3 ATA (2 ATO) with helium at the rate 
of 1 atm/min. The chamber was then ventilated with helium, thereby lowering 
the partial pressure of oxyten until a P
n
 of 0.5 ATA was established. This 
u2 
value was maintained throughout the compression phase. Compression was then 
continued to the exposure level of 20 ATA (19 ATO) using helium at the rate 
of 1 atm/min. 
The animal was left at this exposure pressure for 45 minutes, and after sa­
turation (Berghage et al., 1976) the animal was decompressed at the rate of 
1 atm/min. according to either profile А, В or C. 
- decompression phase 
The step by step procedure for the different profiles was as follows: 
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Deptn 
300 
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Fig. 3.5. Dive profile A for stage compression / décompression of rats 
(Be 02) 
profile-A ( f i g . 3 . 5 ) : 
The oxygen level was raised in the last 60 sec. of bottom time (i.e. the 
time of the stay of the animal at 20 ATA (19 ATO), to provide a Pn of 
u2 
0.5 ATA at the next observation pressure level, i.e. at 11 ATA. The chamber 
was then decompressed to the observation pressure level of 11 ATA (10 ATO) 
at the rate of 1 atm/min. 
The animals were left at the observation level pressure for 12 minutes, and 
in the last 30 sec. the oxygen level was raised again in order to establish 
a Pn at the next stop (observation pressure level of 10 ATA (9 ATO)) of 
u2 
0.5 ATA. The chamber was then decompressed in 1 min. to 10 ATA. 
The animals remained at this pressure for 12 minutes, raising again the Pn 
u2 
at the end of this plateau in order to establish a Pn of 0.5 ATA at the 
u2 
next stop, i.e. at 9 ATA (8 ATO). 
The sequence of events as described above was repeated until arrival at 
1 ATA (0 ATO), i.e. the animal was kept at every observation pressure level 
(P-i) for 12 min. and at the end of every plateau the Pn was raised to pro-
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vide a Pn of O.S ATA at the next stop; the chamber was then decompressed in 
u2 
1 min. to the next stop (P,). After arrival at 1 ATA (0 ATO) the chamber was 
flushed for 5 min. with air. 
Fig. 3.6. Dive profile-B for stage compression / decompression of rats 
(He - 02). 
profile-B (fig.3.6): 
The chamber was deconpressed at a rate of 1 atm/min. to 11 ATA (10 ATO). The 
oxygen level was raised at 11 ATA (10 ATO) by adding 1 atm. of oxygen. 
Thereafter decompression (1 atm/min) to 7 ATA (6 ATO) was performed and the 
animals remained at this observation pressure level for 25 minutes. 
Then decompression (1 atm/min) to 4 ATA (3 ATO) followed and this pressure 
level was kept for 25 minutes; the oxygen level at the end of this plateau 
was raised by adding 1 atm. of oxygen, decompression (1 atm/min) to 2.5 ATA 
(1.5 ATO) was performed, and the animal was kept again at this pressure le-
vel for 25 minutes. At last decompression (1 atm/min) to 1 ATA (0 ATO) was 
started and at 1 ATA (0 ATO) the chamber was flushed for 5 minutes with air. 
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Fig. 3.7. Dive profile-C for stage compression / decompression of rats 
(He - Oz). 
profile-C f f i g . 3 . 7 ) : 
This dive profile is the same as profile-B up to the observation pressure 
level at 7 ATA (6 ATO). However, instead of keeping the animal for 25 minu-
tes at this stop, the oxygen level is now immediately raised by adding 1 atm. 
of oxygen. Then, at 8 ATA (7 ATO), the chamber is decompressed at a rate of 
1 atm/min. to 4 ATA (3 ATO). At 4 ATA (3 ATO), after raising the oxygen le-
vel again with 1 atm. of oxygen, the animal is further decompressed to 1 ATA 
(0 ATO). At 1 ATA (0 ATO) the chamber is flushed for 5 minutes with air. 
3. Ultrasonic bubble detection 
3.a. Theoretical considerations 
There are two basic techniques for detecting bubbles by ultrasound, the ab-
sorption and scattering method. In the absorption or transmission method, 
the absorption of sound by the medium is measured (Powell, 1972). 
In the scattering method, the reflected ultrasound is measured. This method 
is particularly useful for detecting circulating bubbles (Rubissow et al., 
1971). An echo is detected and may indicate the presence of a bubble or a 
number of bubbles. The most common application of the scattering technique 
is the Doppler ultrasonic flowmeter for detecting bubbles circulating through 
the vascular system. 
53 
Sound waves incident on a surface of a bubble which is large compared with 
the wavelength, will see an extensive interface between media of greatly 
differing acoustic impedance. On the other hand, a small bubble which is 
irradiated by sound whose wave length is much greater than the dimension of 
the bubble, will experience a sinusoidal variation of local pressure which 
will cause the gas inside it to expand and shrink in sympathy. This response 
of the bubble removes some energy from the sound beam, and a proportion of 
this energy reappears as radial radiation from the pulsating bubble surface. 
Thus this last mode of response, i.e. by pulsation, is the most important of 
the two methods if we consider detecting gas phase separation following de­
compression (Evans, 1977). A gas bubble is able to scatter sound waves in 
tissue by virtue of its difference in both density (p) and adiabatic bulk 
modulus (Ε), the two physical parameters also determining the velocity of 
propagation (c) in any medium, viz. 
c
2
 =
 E/p (Evans, 1975) 
The proportion of sound energy, which is reflected depends in general on the 
extend by which the specific acoustic impedances Ζ (the product of the ve­
locity (c) and the density (p) differ (table 3.1). 
Sound is reflected from a surface at the same frequency as' the indicent beam, 
unless the surface is approaching the observer when the frequency is increa­
sed (or decreased when it is receding). 
This shift (Δί) in frequency (f) from the transmitted to the reflected wave 
is related to the velocity (v) of the surface resolved in the direction of 
the beam ( СОЗФ) (Hills, 1977) 
Ar r 2 .СОЗФ 
Δ £
-
£
- ^ — 
where с is the velocity of sound. 
If f is of the order of a megahertz then, for reasonable physiological va­
lues of blood velocity, Δί comes in the audible range. When a bubble passes 
through the field of focus of the transducer, the audible signals produced 
have been variously described as "chirps", "snaps", "plops" and "whistles" 
(Spencer et al., 1969; Evans and Wälder, 1970). 
These sounds must be distinguished from a background of normal sounds pro-
duced by blood components and moving tissue bounderies which are also suita-
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TABLE 3.1. 
THE DENSITY (ρ), THE SOUND VELOCITY (с) AND THE ADIABATIC 
BULK MODULUS (pc2) FOR VARIOUS MATERIALS, AT 1 ATA 
(modified after Lubbers, 1976) 
Water 
Blood plasma 
Rigid fixed sphere 
Steel 
Class 
Red cell aggregate 
lat 
Hydrogen 
Oxygen 
Helium 
Air 
Ρ 
(kg m"3) 
1000 
1030 
OD 
7800 
2500 
1090 
952 
0.09 
1.4 
0.18 
1.3 
с 
(ms-1) 
1480 
1542 
TD 
5900 
5500 
1640 
1450 
1300 
320 
965 
331 
öS 
(kg m s ) 
2.19 χ IO9 
2.45 χ IO9 
τ: 
2.72 χ IO11 
-.65 χ IO 1 0 
2.93 χ IO9 
2.01 χ IO9 
1.52 χ IO5 
1.43 χ IO5 
1.9 χ IO5 ^ 
1.59 χ 10 S ^ 
References 
Keils (1969) 
Ahuja (1973) 
Blitz (1971) 
Mason (1950) 
Ahuja (1973) 
Keils (1969) 
Blitz (19'Ί) 
Blitz (1971) 
1) calculated from data in Handbook of Chemistry and Physics (1963) 
ble reflecting interfaces. A circulating gas embolus thus produces an audi­
ble signal that can be detected by ear even when electronic discrimination 
is difficult sometimes (Gillis, 1968). 
Apart from the occurrence of gas bubbles décompression sickness, as has 
been desribed before, also involves an increase of soft biological materials 
in the circulation like coalescent lipids, platelets aggregates or aggluti-
nated red cells (Wells et al., 1976; Cockett et al., 1976; Pauley et al., 
1970). However, these substances are worse scatterers than gaseous parti-
cles, especially at small diameters. 
Lubbers et al. (1976) gave detailed information on the theoretical aspects 
of the scattering of ultrasound by isolated particles. 
Constants, as adopted in their calculations, are shown in table 3.1. 
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They argued that small particles o£ biological materials cannot be distin-
guished from blood. By injection of particles, using a 2 MHz Sonicaid Doppler 
transducer on the blood flow line of the heart-lung machine, they found an 
experimental detection limit for gasbubbles (ÏU) of 30 pm and for glass sphe-
res of 160 um. Therefrom a detection limit for biological material (red cell 
aggregate) of 300 ym was calculated. 
Moreover it appeared that the differential scattering cross section of gas 
bubbles depends little on the frequency in the region of 2 - 10 MHz, whereas 
the scattering strength of red blood cell aggregates up to 100 um depends 
strongly on the frequency i.e. the signal of blood cells increased strongly 
with frequency. 
However, experiments by Beck (1978) had proved that, using a 8 MHz probe on 
guinea pigs, bubbles could be detected down to 10 ym diameter. 
3.b. Measuring device 
A commercially available transducer (Sonicaid, Bognor Regis, U.K.) contai-
ning two semicircular piezoelectric elements (?( = 2,5 cm) was used. One 
element acts as an emitter of ultrasound at 2 MHz, the other element as re-
ceiver. An adapter was constructed from PVC (Polyvinylchloride) so that the 
transducer, mounted in this PVC holder, could be shoved over the two metal-
lic springs attached to the frame. This way the correct "pre-dive" position 
of the transducer (i.e. maximum amplitude of audible cardiac action) could 
be found easily (fig.3.8). 
Fig.3.8. Sahematia diagram of transducer mounted in its PVC holder, applied 
over pre-aordial region of rat. 
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On top of the transducer a perpex cylinder (length 2.2 cm, φ 2 cm) can be 
placed. Between the transducer diaphragm and the perspex cylinder, just as 
between the perspex cylinder top and the precordial (shaved) region of the 
rat, a viscous jelly (Aquasonic, Parker Lab., Irvington, U.S.A.) was used as 
a coupling medium. The metallic springs secured the "pre-dive" position of 
the probe during the hyperbaric experiments. The output of this Sonicaid 
7 
transducer is less than 20 mW/cm . A short summary of the electronic cir­
cuits will be given. For an extensive description the reader is referred to 
Lubbers et al.(1974, 1976). 
The emitter part of the transducer is fed from a crystal stabilized oscilla­
tor with a frequency of about 2 MHz, generating an ultrasound field over the 
transducer with its perspex cylinder, into the cordial region of the rat. 
When a particle passes through the blood flow (heart), it reflects the emit­
ted ultrasound which is received at the other part of the transducer. The 
phase of the received ultrasound varies during the passage of the particle, 
because the particle moves in the nearfield of the transducer. Interference 
between the received signal and an unmodulated 2.0. MHz signal, which is 
also present at the entry of the receiver, results in amplitude modulation. 
After passage of the tuned amplifier and a single side rectifier, the ampli­
tude modulation of the signal is fed via an audio amplifier to a loudspeaker 
so that an acoustic signal (burst) results from the passage of particles. 
The signals from the passage of particles are shaped into a pulse by recti­
fication followed by integration with a time constant of 0.05 s. 
A logarithmic transformation is applied to the pulse-heights, and for con­
venience of registering the audible bubbles the derived signal was filtered 
again after the logarithmic transformation using a low pass filter (set at 
1 Hz).The signals were then recorded on a linear level recorder (Kipp and 
Zonen (Holland) two channel BD 9) 
4. Implantation of electrodes 
For implantation of electrodes adult rats (body weight, about 180 g) were 
anaesthetized with Nembutal, (30 mg/kg b.w.) administered intraperitoneally. 
A midline incision was made in the skin of the skull between the two pinnae. 
Thereafter the skin was loosened towards the external meatus of the right ear. 
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Fig.Ζ,9. Implantation of the electrodes, 
bu: bulla with the two cbill-holea, e: head plug of a tripolar electrode 
unit, r: electrode inserted through drill-hole of the bulla in the round 
window niche, b: electrode placed on the bulla, υ: electrode positioned on 
the vertex, da: dental cement on the bulla for the fixation of the two elec­
trodes (b and r). 
With the use of a retractor and fine scissors the external meatus was dis­
sected up to the middle ear and the laterocaudal part of the bony wall of 
the middle ear cavity exposed and cleaned of soft tissue. Subsequently a 
small hole was drilled in the bone to give full view on the round window 
(fig-3.9). 
A teflon insulated tripolar electrode unit (Pt, diameter 0.150 mm with a 
head plug) was used for implantation. For the insertion of the electrode a 
second hole was drilled about 2 mm ventral from the first. In this way the 
electrode could be positioned under direct vision in the round window niche. 
After fixation of this electrode with dental cement on the wall of the middle 
ear a second electrode was placed close to the bony annulus. 
The third electrode was positioned in the midline of the skull and thereafter 
the headplug was fixed on the cleaned bone of the skull with dental cement 
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(fig.3.9, inset). Finally the skin was closed with clamps. 
Fig.3.10. Fixation of the head and position of the head plug and В and К 
earphone. 
Fig.3.10. shows a rat fixed in the fixation frame with a headplug and con­
nection cable. In the same picture the В and К earphone with the plastic 
tube secured in the external meatus, can be seen. 
5. Calibration 
S.a. Introduction 
Although from the literature some calibration data are available on the 
function of microphones and earphones when exposed to hyperbaric helium 
- oxygen environments, as a whole often divergences are exhibited in the 
data of the different authors (Miller, 1975; Brown, 1977). 
Also, most investigators do not provide data on a wide frequency range and 
rarely present detailed data of measurements taken at various pressure le­
vels. On the function of the В and К 4144 condenser microphone, only little 
information is given by the Brüel and Kjaer handbook (1976); it is stated 
that the change in sensitivity of the microphone with ambient pressure is 
2 dB/atm. 
So far as could be determined, no high-pressure calibration data exist on 
the earphones used in our experiments, i.e. the Brüel and Kjaer standard 
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earphone and the DT-48 headphone of Beyer Dynamic. 
For these reasons, a facility had to be arranged to calibrate the microphone 
and the two different earphones in the depth/gas conditions of interest. 
5.b. Condenser microphone 
Measuring the sensitivity of microphones under hyperbaric conditions raises 
problems in pressure equalization and the collection of moisture. Changes in 
ambient pressure between the front and the back of the microphone diaphragm 
must be equalized as rapidly as possible. Also the relative humidity of the 
gases inside and outside the cavity should be equalized as quickly as possi-
ble to avoid condensation of moisture inside the microphone cartridge. These 
two conditions are critical in hyperbaric measurements since changes in am-
bient pressure lead to heating and cooling of the gasmixture, causing rapid 
changes in the relative humidity inside and outside the microphone cavity 
(Brüel and Kjaer, 1976; Thomas at al., 1972). 
Microphones can be calibrated either by absolute methods (based on measure-
ments of distances and electrical quantities) or by secondary methods which 
depend on comparison with other known microphones or sound sources (Tempest, 
1976; Mandela, 1948). 
The primary calibration procedure, which can take several forms, is the re-
ciprocity technique (Harris, 1980; Koidan, 1957), and can be performed either 
in the free-field or by means of a coupler. A reciprocity calibration de-
pends on a basic principle of electro-acoustics, that for certain reversible 
transducers there is a known and fixed relationship between the sensitivity 
of the transducer when used as a transmitter and its sensitivity as a recei-
ver. As a technique, reciprocity can provide results of a high accuracy but 
to undertake it satisfactorily adequate facilities are required and outside 
very specialized acoustic laboratories the method is therefore seldom used 
(Brüel, 1964; Brüel, 1965). 
Secondary methods of calibration make use of known stable sources of sound, 
devices which measure sensitivity mostly at one frequency. To extend this 
frequency to other frequencies, one can use the electrostatic actuator. 
This device operates by applying an alternating force to the microphone by 
means of an electrostatic field from an electrode close to the metallic 
diaphragm and measuring the corresponding microphone output. Since the ac-
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tuating force is applied electrically, all the complications of acoustic in­
puts are avoided and the calibration can be extended to the whole frequency-
range of the microphone (Tempest, 1976; Harris, 1980). 
Because of these advantages and the fact that the measuring equipment for the 
reciprocity technique was not available, calibration was performed with the 
electrostatic method. 
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Fig.3.11. Schematic diagram of equipment used in microphone calibration ex­
periment. 
Fig.3.11 shows the equipment used in this experiment. A type - L laboratory 
standard microphone (Briiel and Kjaer type 4144) and a preamplifier (Briiel 
and Kjaer type 2619) were located inside the hyperbaric chamber. The elec­
trostatic actuator (Briiel and Kjaer type UA 0033) was placed on the micro­
phone . 
The actuator is an acoustically transparant metallic placed a small distance 
from the diaphragm of the microphone and electrically isolated from it and 
is driven by an electrostatic actuator driver. The pressure between the 
actuator and the diaphragm simulates a sound pressure. 
The output signal from the driver is proportional to the square root of a 
positive input signal, which was adjusted to give a reference output of 
90 dB SPL at 1000 Hz at 1 ATA. 
The microphone, with its preamplifier, was connected to a measuring ampli-
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fier (Brüel and Kjaer type 2608). The output of this amplifier was fed into 
a graphic level recorder (Brüel and Kjaer type 2307), which was electrically 
coupled to the sine generator. 
TABLE 3.2. 
APPROXIMATION OF THE PERCENTAGES OF HELIUM, OXYGEN AND NITROGEN IN THE 
HYPERBARIC CHAMBER DURING COMPRESSION (C) OR DECOMPRESSION (D) WITH 
DIFFERENT EXPERIMENTAL DIVES, USING DIFFERENT GASMIXTURES (I,II,III) 
ATA 
С 
D 
D 
С 
D 
С 
D 
С 
D 
С 
D 
С 
D 
С 
D 
С 
D 
С 
D 
1 
1 
2,5 
4 
4 
7 
7 
9 
9 
11 
11 
13 
13 
16 
16 
18 
18 
20 
20 
02 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
20 
I 
AIR 
He 
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
N2 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
80 
II 
profile 
02 
20 
20 
20 
13 
13 
7 
7 
6 
6 
5 
5 
4 
4 
3 
3 
3 
3 
3 
3 
He 
-
-
80 
87 
87 
93 
93 
94 
94 
95 
95 
96 
96 
97 
97 
97 
97 
97 
97 
-A 
N2 
80 
80 
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
Ill 
profile 
0
2 
20 
20 
29 
13 
11 
11 
11 
3 
3 
He 
_ 
-
71 
87 
89 
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89 
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89 
95 
97 
96 
97 
97 
97 
97 
97 
97 
97 
-B 
N2 
80 
80 
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
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The microphone was first calibrated at 1 ATA using a sound level calibrator 
(Brüel and Kjaer type 4230), and a frequency response curve was recorded 
with the actuator. 
The calibrations were then carried out in air and in different helium - oxy-
gen environments (profile-Α and profile-B) at different pressures up to 
20 ATA. Table 3.2 shows the ratio of helium to nitrogen and oxygen in these 
experiments. Measurements were taken during compression and decompression. 
The temperature was recorded at each level during the experimental sessions 
with a thermometer located inside the chamber (see hyperbaric chamber equip­
ment section). It appeared that the measurements were taken at a fairly con­
stant temperature level, i.e. in air at 32 ^  0,5 C, in helium - oxygen en­
vironments at 30 +_ 0,5oC. 
The microphone was allowed to equilibrate for 5 minutes at each stop before 
measurements were made in order to ensure pressure equalization inside the 
microphone cavity. 
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Fig.3.12. Sahematio diagram of equipment used in earphone oalibration expe­
riment. 
5.с Earphones 
Fig.3.12 shows the equipment used. 
The microphone with preamplifier, coupler (Brüel and Kjaer type DB 00138) 
and the earphones (Brüel and Kjaer type HT 003, and DT-48 from Beyer Dyna-
mic) were located inside the hyperbaric chamber. The earphone was driven 
by a sine wave generator (Brüel and Kjaer type 1023), which was adjusted to 
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give a reference output of 90 dB SPL at 1000 Hz at 1 ATA. 
The artificial ear (microphone, coupler and preamplifier] was connected to 
a measuring amplifier. The output of this amplifier was fed into the graphic 
level recorder, which was electrically coupled to the sine generator. The 
microphone was first calibrated at 1 ATA using a sound level calibrator and 
a frequency response curve was recorded for the earphone. 
Recordings were then taken at 1 ATA and at pressure levels up to 20 ATA 
under the same conditions as with the microphone experiment. The data de­
rived from the earphones were then adjusted for the loss in sensitivity of 
the microphone previously established as a function of pressure. 
5.d. Characteristics of condenser microphone and earphones under increased 
atmospheric pressures 
S.d.1. Condenser microphone 
- compressed air 
The effects of increased atmospheric pressure using compressed air on the 
condenser micrphone is shown in fig.3.13. There is a general drop in sensi­
tivity as pressure increases, with the smallest change occurring around 
5000 Hz (fig.3.13). 
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Fig. 3.13. Response aharaoteristias of condenser· microphone (Brüel and Kjaer 
4144) exposed to increased atmospheric pressures in compressed air 
(T = 32 + 0.5 C). 
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The values presented in fig.13 are relative to 1 ATA and are in close agree­
ment with those found by Harris (1980). The relationship between pressure 
and microphone sensitivity at various frequencies is fairly linear to 7 ATA, 
with a loss of 1.0 - 1.5 dB per atmosphere except around 5000 Hz. 
However, pressures greater than 7 ATA have less effect on microphone output, 
giving a maximum loss in sensitivity of 12,4 dB at 20 ATA. 
Repeating this calibration experiment showed in fact that the tracings could 
be superimposed. Thus the measurements of the microphone sensitivity in com­
pressed air seem very stable and the deviations are well within the measure­
ment error of the instruments used. 
Frequency щ Hi 
Fig. 2.14. Response oharaateristios of condenser microphone (Briiel and Kjaer 
4144) exposed to increased atmospheric pressures in helium - oxygen environ­
ment (see profile-A). Temperature 30 +_ 0.5 C. 
- helium - oxygen gas mixtures 
Fig.3.14 shows the effects of increased atmospheric pressures in a helium 
- oxygen environment (profile-Α), fig.3.15 the effects in another helium 
- oxygen environment (profile-B). All measurements were again made relative 
to 1 ATA values. 
The most striking difference between the response characteristics in air and 
in helium - oxygen environments is the upward shift of the resonance fre­
quency from 5000 to 10000 Hz. From 50 to 2000 Hz there is a reasonable simi­
larity between air and helium - oxygen gas mixtures. 
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F-ig.Z.lS. Response aharaaterístias of condenser microphone (Brüel and Kjaer 
4144) exposed to -increased atmospheric pressures in helivm - oxygen environ-
ment {see profile-B). Temperature 30 +_ 0.5 C. 
As found in the experiments with compressed air, there seems to be a linear 
relationship between microphone sensitivity and gas pressure to 7 ATA (to 
2000 Hz) with a change of 1.0 - 1.5 dB per atmosphere. At pressures greater 
than 7 ATA linearity ceases to exist. 
Only very small differences are seen between the profiles A and В at the 
same atmospheric pressures during the compression and decompression phase. 
Minor differences in the measurements made at 1 ATA (Air) prior to pressuri-
zation and after returning to 1 ATA (Air) were within the tolerance of the 
measuring instruments themselves and the ability of the human observer to 
read the scale. 
5.d.2. Earphones 
- compressed air 
Brüel and Kjaer earphone 
Fig.3.16 shows the effects of increased atmospheric pressure upon the cha-
racteristics of the earphone, adjusted for the loss in sensitivity of the 
microphone. 
The results of this experiment indicate a general increase of sensitivity of 
the earphone up to 1500 Hz, as gas pressure was raised. Very small changes 
in sensitivity were noted around 1500 Hz and in fact, above this frequency 
there seems to be a loss in sensitivity related to pressure. 
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Fig.3.16. Effects of increased atmospheric pressure using compressed air on 
a standard Briiel and Kjaer earphone (with corrections for the decrease in 
sensitivity of the В and К microphone 4144). Measurements were made in re­
batían to surface values. 
The most striking loss was found at 4000 Hz where the change in sensitivity 
at 20 ATA exceeded 15 dB. 
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Fig.3.17. Frequency response characteristics of Briiel and Kjaer earphone in 
air at 1 ATA and at 20 ATA. Temperature 32 +_ 0.5*C. 
Fig.3.18. Frequency response characteristics of DT-48 dynamic transducer in 
helium - oxygen environment (profile-Α) at 1 ATA and at 20 ATA (during com­
pression) and at 1 ATA (after decompression). Temperature 30 + O.ScC. 
At frequencies above 5000 Hz however there was again a general increase of 
sensitivity of the earphone. As can be seen from fig.3.17 the frequency 
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response characteristics of this particular Briiel and Kjaer earphone in air 
can be measured up to 6000 Hz. Above this frequency there is hardly any 
sensitivity of the earphone left and for this reason the ur-48 Beyer Dynamic 
earphone for part of the experiments was preferred (fig.3.18). 
DT-48 Earphone 
The data represented in figure 3.13 and fig.3.16 are reported here for com-
parison purposes, since dives exceeding 7 ATA are not usually made using 
compressed air. Since the animals were compressed in helium - oxygen gasmix-
tures, it had no direct purpose to go through the whole calibration experi-
ment again with the DT-48 on compressed air. 
- helium - oxygen gasmixtures 
Brüel and Kjaer earphone 
. 20- Fig .3 .19 . 
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Fig.Z.19. Effects of inareased atmospheria pressure in helium - oxygen envi­
ronment (profile-Α) on a standard Briiel end Kjaer earphone (with corrections 
for the decrease in sensitivity of the В and К microphone 4144). Measurements 
were made in relation to surface values. Temperature 30 +_0.S C. 
Fig.3.20. Effects of increased atmospheric pressure in helium - oxygen envi­
ronment (profile-B) on a standard Brüel and Kjaer earphone (with correction 
for the decrease in sensitivity of the В and К microphone 4144). Measurements 
were made in relation to surface values. Temperature 30 + 0.5 C. 
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Fig.3.19 shows the effects in profile-Α, fig.3.20 in profile-B during com­
pression (C) and decompression (D) of the Brüel and Kjaer earphone, and the 
presented values are relative to surface values. 
Between 6000 and 10000 Hz a gain in sensitivity can still be seen, although 
the earphone seems to exhibit a considerable amount of variability at dif-
ferent atmospheric pressures in this frequency region, probably on account 
of the shift of the resonance peaks. Comparing profile-Α and В minor diffe­
rences are seen which are well within 5 dB. 
Knowing the minor differences in the gasmixtures of the different dive pro­
files (A and B), and finding only minor differences (well within 5 dB) in 
the effects of increased atmospheric pressure between these helium-oxygen 
environments, it seems valid to combine the data of the two profiles in 
order to substantiate average correction values for 2000 and 8000 Hz (the 
stimulus frequencies used in the experiments) at the different pressure le­
vels. These values are stated below: 
Ρ 
COI 
C07 
C20 
D07 
D01 
2000 Hz 
0 
10 
11 
12 
2 
8000 Hz 
0 
5 
20 
9 
2 
Analysis of fig.3.19 and fig.3.20 indicates, that there are minor differen­
ces between the sensitivity of the same earphone on the same depths in dif­
ferent helium - oxygen enviroraients (profile-Α and profile-B). These could 
be accounted for by the slightly different gasmixtures used. Also, it can 
be seen that at least for frequencies up to 2000 Hz, the major change in 
sensitivity occurs during the first few atmospheres of pressure change. 
Altogether a general increase of sensitivity of the Brüel and Kjaer ear-
phone to 3000 Hz is found as gas pressure in raised. At 4000 Hz there is a 
slight drop in sensitivity as pressure increased, with a maximum of - 5 dB 
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at 20 ATA. · 
Above 4000 Hz there is again an increase in sensitivity of the earphone. The 
response of earphones during decompression looks very similar to that during 
compression at the same absolute pressures, although at higher frequencies 
(2, 3, 4, 5 and 5 kHz) some differences (s 5 dB) can be noted. Measurements 
made at 1 ATA prior to pressurization and after returning to 1 ATA showed 
minor differences varying between 0.2 and 1.5 dB (profile-Α) and 0.2 - 1.2 
dB (profile-B). 
DT-48 Earphone 
Table 3.3 combines the effects of increased atmospheric pressures, using 
either profile-Α or profile-B, on the DT-48 earphone. Fig.3.21 displays these 
effects graphically for the gasmixture of profile-A. Around 1000 Hz there 
seems to be little loss in sensitivity, not exceeding 7 dB. The most striking 
difference with the Briiel and Kjaer earphone is the general increase in sen­
sitivity in the high frequency region, i.e. starting from 1500 Hz, with a 
maximum (26,8 dB) between 4000 and 6000 Hz. There seems to be no significant 
difference between values measured at 2 and at 20 ATA in this frequency range. 
Fig.3.21. Effects of increased atmospheric pressure in helium-oxygen environ­
ment (profile-Α) on a DT-48 earphone (with corrections for the decrease in 
sensitivity of the В and К microphone 4144). Measurements were made in re­
lation to surface values. 
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TABLE 3.3. 
EFFECTS OF INCREASED ATMOSPHERIC PRESSURE IN HELIUM - OXYGEN ENVIRONMENTS 
(PROFILE A AND B) ON A DT-48 DYNAMIC TRANSDUCER FROM BEYER DYNAMIC FOR 
DIFFERENT AUDIOMETRIC FREQUENCIES. 
MEASUREMENTS WERE MADE IN RELATION TO SURFACE VALUES AND CORRECTED FOR 
THE GENERAL DECREASE IN SENSITIVITY OF THE В AND К MICROPHONE 4144. 
TEMPERATURE 30 + 0,5oC. 
С = COMPRESSION PHASE. D = DECOMPRESSION PHASE. 
ATA 
CI 
(AIR) 
C7 
(proflle-A) 
C7 
(profile-B) 
C20 
(profile-A) 
C20 
(profile-B) 
D7 
(profile-A) 
D7 
(profile-B) 
D2,5 
(profile-A) 
D2,5 
(profile-B) 
Dl 
(AIR) 
(profile-A) 
Dl 
(AIR) 
(profile-B) 
200 
0 
+0,5 
+0,7 
+ 0,5 
+ 0,2 
+0,6 
+0,7 
+0,2 
+0,5 
-0,5 
-0,5 
500 
0 
+ 3,5 
+ 2,8 
+ 1,5 
+ 1,4 
+ 2,6 
+ 2,9 
+2,2 
+ 1,7 
-1,0 
-1,0 
1000 
0 
-4,9 
-5,2 
-7 
-6,1 
-6,9 
-6,6 
-4,8 
-4,8 
-1,5 
-1,5 
FREQUENCY in 
2000 
0 
+ 9,9 
+ 10,8 
+ 11 ,8 
+ 10,4 
+ 12,1 
+ 12,2 
+ 8,6 
+ 9,3 
+ 1,6 
+ 1,5 
4000 
0 
+ 16,2 
+ 16,7 
+ 23,7 
+26,8 
+ 18 
+ 18,1 
+21,2 
+ 19,3 
+ 0,4 
+ 0,2 
Hz 
6000 
0 
+ 17,8 
+20,2 
+ 19 
+ 19,3 
+ 24,8 
+ 25,1 
+ 9,9 
+ 8,6 
- 3,5 
- 4,2 
8000 
0 
+ 4,8 
+ 4,7 
+ 18,8 
+20,9 
+ 8,7 
+ 8,6 
- 1,9 
- 2,3 
+ 2 
+ 2,1 
10000 
0 
+ 11 
+ 11 
+ 10,6 
+ 14,2 
+ 11 
+ 11 
+ 4 
+ 4,8 
+ 5 
+ 5,3 
15000 
0 
+ 10,7 
+ 10,9 
+ 17,4 
+ 15,4 
+ 9 
+ 9,1 
+ 9 
+ 9 
+ 5 
+ 5 
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6. Stimulation and recording apparatus of ECoG and BER. 
6.a. Introduction. 
On the neurophysiological principles that underlie auditory evoked poten-
tials, excellent reviews can be found in the standard textbooks (Davis, 1976; 
Keidel and Neff, 1976; Ruben et al., 1976; Starr, 1978). 
In this experimental study we have confined ourselves to potentials recorded 
with an electrode on the round window membrane from the cochlea and n.VIII, 
(so called near field potentials), and from the brainstem which were recor-
ded with an electrode on the vertex (so called vertex- or far field poten-
tials) , both referred to the tail. According to Davis (1976), the vertex 
potentials in humans in general are far field potentials. However, Plantz 
et al. (1974) studied the spatiotemporal distribution of auditory evoked far 
field potentials in the rat; no area on the head of this animal was found 
which could be considered as an electrically neutral reference point, i.e. 
the placement of the reference electrode markedly influenced the waveforms 
obtained. It was concluded by these authors that the head of the rat is so 
small that the scalp is not truly in the far field. 
For this reason, as the tail was found to be electrically neutral as com-
pared to the activity near the generators of interest (i.e. on the scalp), 
in our experiments the brainstem electric responses were recorded between 
vertex (active electrode) and tail (reference electrode). 
Eleatrocoahleogram (ECoG) 
Electrocochleography is the recording of stimulus related potentials gene-
rated in the cochlea, including the first order neurons of the auditory nerve. 
These potentials are the cochlear microphonics (CM), the summating potenti-
als (SP) and the compound action potentials (AP). With this mode of investi-
gation, an objective avaluation of the peripheral auditory apparatus in hu-
mans and animals is possible. A monograph on the basic principles of this 
subject can be found in "Electrocochleography" by Eggermont et al. (1974) 
and many reviews on human and animal data derived under a variety of experi-
mental and/or clinical conditions have been published by a.o. Brackmann 
(1977), Davis (1976), Eggermont (1976). 
The CM is an Alternating Current potential related to the instantaneous 
displacement pattern of the basilar membrane and highly dependent on the 
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integrity of the hair cells of the organ of Corti. 
This displacement has been shown to be proportional to the velocity of the 
stapes. The CM can be measured close to or at a short distance of the hair 
cells; in case of a round window electrode, mainly the CM originating from 
the first turn of the cochlea is recorded (Eggermont, 1976; Dallos, 1973). 
The SP is, as the CM, generated in the hair cells; it appears as a Direct 
Current shift and is assumed to be the result of non-linearities in the mo­
vement of the basilar membrane or non-linearities in the mechano-electrical 
transduction (Davis, 1976). 
The AP is a compound electrical activity of the bipolar neurons which 
mainly innervate the inner hair cells. 
Brainstem Electric Responses (BER) 
In recent years auditory evoked brainstem potentials have got increasing in­
terest assessing auditory and neurological functions. Many reviews on the 
brainstem potentials measured in humans and animals can be found in the li­
terature (Thornton, 1975, 1976; Jewett, 1970; Lev et al., 1972; Picton et 
al., 1974; Starr, 1976, 1978). 
In general, the auditory brainstem electric response consists of four to six 
waves, each at definite intervals and is assumed to originate from the 
successive auditory nuclei. 
In the adult rat, BER recordings between vertex and tail, show four to five 
major waves (Jewett and Romano, 1972). In this study it was found that wave 
I and II correspond in latency to the N.. and N2 respectively of the electro-
cochleogram. This suggests that in the rat wave I is volume - conducted from 
action potentials originating from the eighth nerve. 
Furthermore, it appeared that the start of positivity of wave Г coincided 
with the seperately recorded activity in the inferior colliculus. From these 
observations it was concluded that wave I through IV are clearly defined 
waves which appear at definite intervals, generally within 5 msec after the 
stimulus has been presented to the ear, and which are generated by auditory 
system structures located anatomically between the eighth nerve and the 
inferior colliculus. 
A block-diagram of the recording system is presented in fig.3.23. 
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Fig.3.23. Block diagram of apparatus for ECoG and BER 
6.b. Stimulation equipment 
The stimulation apparatus consists of a stimulus generator system and a power 
amplifier with attenuator to drive the transducer. The generator system con-
sists of a tone oscillator (HP 3300 A ) , a trigger unit and a tone-gate. The 
trigger unit determines the repetition rate and triggers the tone-gate, scope 
and averager. The unit has a signal switch circuit in order to get stimuli 
with alternately opposite phase. 
The tone-gate consists of a tone-burst envelope generator with a multiplier 
circuit. The shape of the burst can be defined by the rise- and fall-times 
and the duration of the plateau. The sine wave in the tone burst is phase-
locked to the start of the burst and alternately sign-reversed. 
Before the signal reaches the power amplifier it goes through an attenuator 
(HP- 3S0 D) with 1 dB steps from -10 to +110 dB. In the course of the experi-
ments two different transducers were used; i.e. a standard В and К earphone, 
and a modified headphone (DT-48 from Beyer Dynamic). 
In the case of brainstem electric response (BER) recordings the stimulation 
consists of clicks. The click stimuli electrically have a duration of 50 μ 
sec, and an instantaneous rise- and fall-time; they were presented alterna­
ting in polarity on successive stimulations at a rate of 10/sec at a level of 
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80 dB SPL; The electrocochleographic responses (ECoG) were evoked by tone 
bursts with a rise- and fall-time of 1 ms, a duration of the plateau of 
4 ms, and with frequencies of 2000 Hz and 8000 Hz. By means of the probe 
tube method (Vernon, 1976), the sound pressure within the external ear canal 
of the rat was measured. The probe tube-microphone ensemble (B and К UA-0040) 
was first calibrated for 2 and 8 kHz. Then after inserting the PVC-speculum 
of the earspeaker together with the probe tube in the external meatus, the 
attenuator of the stimulation equipment was calibrated. For 2 kHz it was 
found that the maximum output was set at 125 dB SPL. For 8 kHz the maximum 
output was 115 dB SPL. 
6.с Recording equipment 
The recording system consists of the amplification circuit and the averager 
with the recorder apparatus. The implanted electrodes of the round window 
membrane (rm), the vertex (ν), the bulla (b) and the tail (-needle) elec­
trode (t) were connected by shielded wires to a simple switch, mounted on 
the outside of the left flange of the hyperbaric chamber (fig.3.24). 
p r e a m p l i f i e r 
A -
E 
E 
switch 
>C 
• . „ ^ 
t — ^ 
ER (--
C o G ( -
" — 
^ • 
^ - ^ " 
...) 
HYPERBARIC CHAMBER 
Fig.3.24. Schematio diagram of electrodes conneations to preamplifier. 
By means of this switch an electrode configuration for recording either the 
BER or the ECoG can be chosen. 
The high-input impedance pre-amplifier (Neurolog NL 100) is mounted on the 
flange of the tank. 
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The headstage is used in combination with an AC-preamplifier (Neurolog ML 
103). It features a wide dynamic balance adjustment for asymmetrical inputs 
with a gain of 1000 and a low cut-off frequency of 0.1 or 10 Hz. The single-
ended output of the AC-preamplifier is led to the band/pass filter circuit 
(Neurolog ML 115) with a low cut-off frequency of 1 Hz (BER recording) or 
10 Hz (ECoG recording) and a high cut-off frequency of 10 kHz. 
The AC-DC amplifier (Neurolog NL 106) provides amplification which is ad­
justable from χ 1 to χ 1000. The input is DC-coupled and can be zeroed 
using the DC-offset adjustment. The output from the AC-DC amplifier is con­
nected to the averager via a signal switch unit, in order to selectively 
record the CM or AP; for the basic principle and recording techniques of 
these electrocochleographic potentials (CM and AP) the reader is referred to 
standard literature on electrocochleography (Eggermont et al., 1974). 
The averager (Neurolog NL 750) is a digital response computer; the memory 
has 256 addresses, the sweeptime is set to 10 msec. The start of the sweep 
is time-locked with the start of the stimulus by the trigger-unit. 
The accumulated average response is retrieved and displayed on a scope du­
ring each input sweep. The output can be plotted on an· ordinary chart recor­
der or recorded on FM TAPE (Bell and Howell DATA TAPE 4010) for further com­
puter analysis. 
7. Morphological techniques. 
7.a. Light Microscopy (LM) . 
For light microscopical studies the animals were killed with an intracardial 
injection of nembutal. Thereafter a tissue block containing the inner ear and 
middle ear structures was quickly dissected from the skull and fixed in phos­
phate buffered glutaraldehyde (2%; pH 7.4). For facilitating the penetration 
of the fixation fluid, part of the bony wall of the middle ear cavity was 
chipped off. 
The specimens were decalcified in EDTA (10$; pH 7.0), dehydrated in graded 
alcohols and embedded in glycolmethacrylate. 
Sections (2μ) were either stained with Toluidine or periodic acid Schiff 
(PAS) (Klaassen et al., 1981) 
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7.b. Scanning Electron Microscopy (SEM) 
For scanning electron microscopical studies the inner ears were fixed by-
vascular perfusion. Therfore the animals were anaesthetized with Nembutal 
(SO mg/kg body weight) administered intraperitoneally. 
The abdomen was opened and the intestines removed. After canulating the 
posterior vena cava the vascular system was shortly perfused with saline and 
subsequently with phosphate buffered glutaraldehyde (1.51; pH 7.4). The 
inner ear was dissected and fixed for another two hours at 40C and thereaf­
ter stored in phosphate buffer (0.1 M; pH 7.4) at the same temperature for 
1-4 days. During this storage the bony wall of the cochlea was carefully re­
moved under a dissecting microscope with the use of a small hook. Because 
the bony capsule is rather thick on its medial side, this capsule was first 
thinned with a small burr before it could be removed without damaging the 
cochlear structures. After exposure of the membranous structures, the spe­
cimens were postfixed in buffered osmium tetroxide (ΙΌ; pH 7.4) for one hour 
at room temperature. The specimens were dehydrated in acetone and dried by 
the "critical point procedure" using liquid carbon dioxide. At this stage 
the spiral ligament and Reissner's membrane were carefully removed with a 
hair mounted in a glass capillary, for exposing the surface of the organ of 
Corti. 
After mounting and coating with gold the cilia of the sensory cells of the 
organ of Corti were studied with a scanning electron microscope (PSEM 500, 
Philips). 
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CHAPTER IV 
RESULTS 
1. Introduction 
In this chapter the results obtained on the function of the auditory system 
of the rat under normobaric and hyperbaric conditions will be described. 
The auditory function was evaluated with the use of electrocochleography and 
brainstem audiometry. Although measuring of sound induced electrical activi­
ty in the auditory system is preferably done in awake animals, it was im­
possible to record stable signals from the awake rate especially at low 
sound intensities on account of the poor signal to noise ratio of the poten­
tials. For that reason the animals were anaesthetized with Nembutal in order 
to improve the signal to noise ratio. This anaesthetic does not influence 
significantly the latency - or amplitude - intensity function of the brain­
stem electric potentials in the rat (Bobbin et al., 1979). 
In the second part of this chapter the results of a morphological study on 
the inner ears exposed to hyperbaric circumstances will be reported. 
2. Auditory evoked responses under normobaric conditions 
For the preliminary experiments a standard В and К earphone was used through 
which click stimuli were presented for the ECoG as well as the BER recordings. 
Electrocoehleography (ECoG) 
Fig.4.1 shows a typical example of the compound action potentials of a rat 
(RAT 001) measured at normobaric conditions (COI). 
The double peaked compound AP was evoked by a click stimulus presented at a 
rate of 10/sec at different intensities. 
It is clear that even at low intensities, i.e. at 5 dB SPL, the first (NL) 
as well as the second (N2) negative deflection is still present. Although 
there is some indication for the presence of a SP in the recorded signal, 
especially at higher intensities, its inconsistency and small value made it 
useless as a reliable parameter for studying the inner ear function in this 
particular experiment. 
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Fig. 4.1. Cochlear action potentials at different intensities of a normal rat 
at normobarie condition. IMPL: date of electrode implantation; DATE: measu­
ring date. 
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In fig.4.2. the amplitude of the N, is given as a function of the stimulus 
intensity and the threshold is determined by extrapolation. 
This indicates that by means of implanting an electrode in the round win­
dow niche of the rat, inner ear functions can be objectivated. It must be 
noted that with respect to the threshold determined only a few days after 
implantation, a gradual improvement of the threshold could be found in the 
course of the following days. This was probably due to accumulated fluid 
in the round window niche arid/or middle ear in the immediate post-operative 
period, as was concluded from a stable threshold obtained 7 to 10 days post­
operatively. 
Brainstem Eleetr-ic Responses (BER) 
A typical example of the brainstem electric responses of the animal 001, un­
der the same stimulus conditions as for the ECoG recordings, is shown in 
fig.4.3. Four waves are clearly identified. 
В and К EARPHONE 
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COI 
DATE 261279 
IMPL 071179 
RAT 001 
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5 0 I . 60 
Fig.4.3. Amplitude-latency function of a round window recording of a normal 
vat at normobaria conditions. 
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Repeated recordings at the same day and after seven days showed significant 
variation in the amplitude of the various waves, but the latencies appeared 
to vary to a very small extent. Usually a less clearly defined wave V (not 
denoted in fig.4.3) was also observed. 
As very few normative data on BER recordings of rats are available from 
the literature, a preliminary investigation was undertaken on 5 rats with 
respect to the wave latencies as well as to the wave intervals (i.e. inter-
wave delays). Four of these animals were measured on different days and on 
each day 2 - 4 replicate measurements were made. The recordings, whether on 
the same day or on different days, showed some significant variation in am­
plitude, but in most cases only little variation was found in the latencies 
of waves I through IV. The mean values (X) and standard deviation (S ) of all 
measurements for each animal, are shown in table 4.1 and 4.2. 
It appeared, that the variability of the mean latencies and the associated 
intervals found on different days, was of comparable magnitude as that of 
the replicate measurements on one day. Moreover, as shown m table 4.1 the 
intersubject variability of waves I through III and the associated intervals 
(table 4.2) is of the same order of magnitude. 
For wave IV and the associated intervals, the intersubject variability is 
considerably higher as indicated by SD values varying from 0.2 to 0.3 msec. 
From the 95о confidence (.intersubject) limits established for the mean wave 
latencies (table 4.1) it appears that attractively narrow ranges could be 
established for waves I through III. The normal ranges show distinct tempo­
ral separation of waves I through IV. 
From table 4.2 it can be seen that the intervals associated with waves I 
through III have rather narrow confidence limits, whereas the confidence 
limits associated with wave IV are much wider. 
3. Auditory evoked responses under hyperbaric conditions 
3.a. Preliminary studies 
In a preliminary study animals were compressed to 20 ATA in a helium-oxygen 
environment, and cochlear as well as brainstem electric responses were re­
corded at different pressure levels, i.e. at COI, C07, C20, D07 and D01. 
At the COI and D01 condition the measurements were taken in an air environ­
ment. 
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TABLE 4.1. 
MEAN LATENCY OF WAVES I-IV (in msec) FOR THE 
BRAINSTEM AUDITORY RESPONSES OF RATS, 
ELICITED BY CLICK STIMULUS (ISI 100 msec, 60 dB SPL) 
WITH BRUEL AND KJAER EARPHONE 
WAVE 
I 
II 
III 
IV 
RAT 001 
1.80 
2.77 
3.43 
4.89 
0.10 
0.08 
0.14 
0.15 
RAT 002 
1.78 
2.74 
3.47 
5.24 
0.16 
0 
RAT 0032) 
X 
1.71 
2.67 
3.43 
4.49 
RAT 004 
55 S
x 
1.62 
2.53 
3.33 
4.50 
0 
0.18 
0 
RAT 005 
1.62 
2.63 
3.41 
4.74 
0.21 
0.28 
0.23 
0.39 
INTERSUBJECT 
X SD NORMAL R A № 3 ) 
1.71 
2.67 
3.41 
4.77 
0.09 
0.09 
0.05 
0.31 
1.47-1.94 
2.40-2.93 
3.27-3.56 
3.91-5.64 
TABLE 4.2. 
MEAN LATENCY OF WAVE INTERVALS II-I, III-I, IV-1, 
III-II, IV-II, IV-III (in msec) FOR THE BRAINSTEM 
ELECTRIC RESTONSES OF RATS, ELICITED BY 
CLICK STIMULUS (ISI - 100 msec, 60 dB SPL) WITH 
BRUEL AND KJAER EARPHONE 
WAVE 
INTERVAL 
II -I 
III-I 
IV -I 
III-II 
IV -II 
IV -III 
RAT 001 
χ
 5 χυ 
0.96 
1.16 
3.09 
0.67 
2.12 
1.46 
0.06 
0.09 
0.05 
0.09 
0.09 
0.02 
RAT 002 
*
 S
x 
1.08 
1.70 
3.46 
0.73 
2.33 
1.79 
0.16 
RAT 0032i 
X 
0.96 
1.72 
2.76 
0.76 
1.78 
1.07 
RAT 004 
*
 S
x 
0.91 
1.71 
2.88 
0.78 
1.96 
1.13 
0.18 
0.01 
0.16 
RAT 005 
*
 S
x 
1.80 
3.14 
2.11 
1.31 
0.08 
0.04 
0.16 
0.03 
0.12 
0.20 
INTERSUBJECT 
X SD NORMAL RANGE31 
0.99 
1.71 
3.07 
0.75 
2.06 
1.35 
0.07 
0.08 
0.27 
0.05 
0.20 
0.29 
0.80-1.17 
1.52-1.90 
2.32-3.81 
0.61-0.88 
1.49-2.63 
0.55-2.16 
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An example of a BER recording, evoked by click of 60 dB SPL (10/sec), of rat 
001 at various pressures, is shown in fig.4.4. This figure illustrates that 
the original pattern of four clearly defined waves at normobaric condition 
(COI) becomes grossly disturbed at the hyperbaric conditions. 
Remarkably, even the recording at atmospheric pressure immediately after de­
compression (D01) differs significantly from the predive recording (COI). 
However, from the last two curves of fig.4.4 it is clear that 4 days after 
pressurization the signal obtained at 1 ATA (TOST) has returned to its ori­
ginal pattern. 
A typical example of 5 successive ECoG recordings of rat 001 made with a 
time interval of only a few minutes at 20 ATA, evoked by a click stimulus 
of 60 dB SPL, is presented in fig.4.5. In comparison to the normobaric situ­
ation (fig.4.1), there is gross disturbance of the recorded signal and there 
is remarkable divergence in the shape of the seperate recordings. Especially 
from these latter observations, it seems unlikely that these changes in the 
recorded signals were due to the effect of pressure on the auditory system 
but rather must be ascribed to a poor signal to noise ratio in the hyperba­
ric chamber in the helium-oxygen environments. These hyperbaric conditions 
apparently did not permit a reliable recording of biological potentials of 
low amplitude. 
In an attempt to trace the cause of the poor signal to noise ratio, first 
the body (rectal) temperature of the animal was taken into consideration, 
because of a decrease of the animals temperature has often been reported as 
a cause of misinterpretation of the effects of high pressures on small ani­
mals (Briese, 1970; Hart, 1975). 
Fig.4.4. Brainstem eleotvic response, recordings of a normal rat in a helium-
oxygen environment at different hyperbaric conditions with an average tank 
temperature of 23 С 
Fig. 4. 5. Cochlear action potentials at 60 dB SPL of a nomai rat in a he­
lium-oxygen environment at 20 ATA, with tank temperature at an average of 
23 C. 
Fig.4.6. Rectal temperature of rat as function of pressure in helium-oxygen 
environment. 
Experiment I: Rat with i.p. administration of Nembutal anaesthesia, without 
the use of external tank heating system 
Experiment II: Rat without anaesthesia, with internal tank temperature set 
at + 310C 
Experiment III: Rat with i.p. administration of Nembutal anaesthesia, with 
internal tank temperature set at +_ 31 C. 
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Fig.i.S. Fig.4.6. 
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This decrease of temperature in hyperbaric helium environments is assumed at 
least partly to be due to the high thermal conductivity of helium. (Stetzner, 
1972). Moreover, the thermal neutral temperatures of helium - oxygen envi­
ronments for rats, determined on the basis of oxygen consumption, appeared 
to be 310C to 330C (Clarkson, 1972). 
An analysis of the present experimental procedure yielded the following 
relevant data. With the start of these experiments, it was the average stan­
dard procedure to pressurize the animal about one hour after the administra­
tion of Nembutal and after having perforated the right tympanic membrane. It 
was found that the rectal temperature, just before the compression was star­
ted, appeared to have decreased to 30 C. 
As can be seen from fig.4.6 the tank temperature, starting at 23 C, increa­
ses and decreases fast with compression and decompression respectively. How­
ever, after the pressure is maintained at a constant pressure level, the 
temperature stabilizes at a level only slightly different from the starting 
temperature. 
The average core temperature of the rat however appeared to decrease further 
during the course of the experiment and reaches levels about 27 С to 28 С. 
Although a significant decrease of body temperature in small animals has 
been shown to influence the alpha and beta components on the EEG activity 
(Ten Cate et al., 1949), changes the latencies of brainstem electric res­
ponses (Williston et al., 1977) and also interferes with the synchronization 
of the fibres of the auditory nerve (Eggermont, 1976), it seems unlikely that 
the poor recordings of the cochlear and brainstem potentials are a direct 
effect of the observed low body temperature. 
Furthermore, because shivering was a frequent observation at low tempera­
tures, this phenomenon inducing muscle artefacts seems a more likely candi­
date for the poor signal to noise ratio. 
When the tank temperature was fixed at 31 С by an external heating cord 
wrapped around the tank, it appeared that rats with and without the use of 
anaesthesia were able to keep their core temperature quite stable and within 
a normal range, i.e. (37° + 10C) for the entire time course of the experi­
ments, as shown in fig.4.6. With this set-up, no problems were encountered 
anymore with recording ECoG's and BER's at high pressures, as can be seen 
from fig.4.12. 
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Although in these preliminary experiments where clicks were used as the audi­
tory stimulus and no significant changes were found in the input-output func­
tion of the ECoG before and after decompression, in the following experiments 
the use of high and middle frequency tone pips was thought to be more ade­
quate for the evaluation of the inner ear function. Because the frequency 
response characteristics of the В and К earphone is limited to 6000 Hz, a 
ΙΤΓ-48 earphone (Chapter III, section S.d) was preferred for delivering tone 
pips of 2000 Hz and 8000 Hz in case of ECoG recordings. The BER recordings 
however, were still evoked by means of clicks, but now at an intensity of 
80 dB SPL. 
With this set-up a total number of 28 animals was compressed to ¿0 АТЛ and 
from thereon decompressed according to either profile-Α (n=12), profile-B 
(n=10) or profile-C (n=6). From the 10 animals decompressed according to 
profile-B, 8 developed bubbles, from which S died. The 6 animals decompres­
sed according to profile-C all developed bubbles during decompression and 
died during the last phase of decompression; subsequently they could not be 
used for analysis of electrophysiological data. 
For the discussion on the outcome of the different dive-profiles with res­
pect to the detection of bubbles, the reader is referred to section 5 of 
this chapter. 
The electrophysiological data were obtained from a series of 12 animals; 
i.e. 7 animals of profile-Α (so called "bubble-free") and 5 animals of pro­
file-B (3 with bubbles and 2 bubble-free). 
In the first place data were derived from the cochlear microphones at dif­
ferent pressure levels. The effects of increasing and decreasing pressure 
and different gasmixtures upon the CM were analysed for the two stimulus 
frequencies used, i.e. 2 and 8 kHz. 
In the second place, the characteristics of the compound AP, i.e. the ampli­
tude-intensity and latency (N,)-intensity functions were determined at dif­
ferent pressure levels and compared between rats pressurized according to 
either profile-Α or profile-B. 
In the third place amplitude-intensity and latency (N-j)-intensity scatter-
grams of the two different (A and B) groups of animals are presented. 
In the last part of this section the values of the various inter-wave inter-
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vals of the brainstem electric responses are presented and statistically-
analysed for the animals subject to profile-Α and -B. 
3.b. Cochlear microphonics 
The Ш was determined in 9 animals either decompressed according to profile 
A or B, at the COI, C07, C20, D07 and D01 conditions respectively. After an 
estimate for the range of linearity of CM in the normal state (fig.4.7), the 
working point was chosen at 75 dB SPL for 2 kHz and 65 dB SPL for 8 kHz tone 
pips stimulation. 
C M (iog>iV) 
/У 
О 2 kHz 
• 8 kHz 
•"^^^
-
 ι ι I I I 
20 40 60 Θ0 100 120 
dB SPL 
Fig. 4. 7. Change in CM amplitude (log \N) as a function of intensity (db SPL) 
at 2 and 8 kHz. 
For each animal, the CM value was expressed as a percentage of the CM value 
at COI for all test conditions. 
The results obtained of all 9 tested animals, at different pressure le­
vels are presented in table 4.3. According to Student's t test, no signifi­
cant differences between the mean percentual values of the CM for profile-A 
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and В were observed. 
TABLE 4.3. 
MEAN PERCENTUAL CHANGE IN CM AMPLITUDE DURING COMPRESSION - DECOMPRESSION 
SEQUENCE OF PROFILE-Α AND PROFILE-Β, NOT CORRECTED FOR THE ACTUATOR 
OUTPUT VALUES. THE MEAN VALUES AT COI FOR 2 AND 8 kHz WERE SET AT 100%. 
8 kllz 
η 
mean 
S.D. 
COT 
A 
6 
255 
89 
В 
2 
312 
52 
C20 
A 
6 
292 
62 
В 
2 
254 
51 
DO" 
A 
6 
255 
81 
В 
Τ 
219 
1" 
D01 
A 
5 
154 
30 
В 
1 
109 
12 
2 kHz 
η 
mean 
S.D. 
C07 
A 
b 
52 
23 
В 
1 
5 
C20 
A 
6 
20 
17 
В 
3 
24 
24 
D07 
Л 
6 
ЪЬ 
2Я 
В 
5 
25 
22 
D01 
А 
2 
92 
8 
В 
5 
99 
6 
The percentual changes of the CM for the combined series of animals (pro­
file A and B) during compression and decompression is presented in fig.4.8. 
CM relative 
to COI value (·/.) 
5 0 0 -
4 0 0 
3 0 0 -
- § -
С 20 
О 2 kHz 
• β KHz 
ì 
Fig.4.8. Percentual change in CM am-
plitude during compression - decom-
pression sequence, not corrected for 
the more efficient earphone output 
at higher pressures. The mean values 
at COT. for 2 kHz (4,9\N) and for 
8 kHz (2.0v\) were set at 100%. The 
bars indicate the 95% probability 
range for the mean percentage of 
5-9 animals. 
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Fig. 4. 9. CM amplitude for 2 kHz and 8 kHz during pressurization (C01-C06), 
not corrected for the more efficient earphone output at higher pressures. The 
same animal was compressed using either air, or helium-oxygen as a breathing 
mixture. 
TABLE 4.4. 
THE RELATIVE EXPECTED AND THE RELATIVE OBSERVED COCHLEAR MICROPHONICS 
Condition 
coi 
С07 
C20 
D07 
D01 
2 kHz 
Actuator 
dB SPL 
0 
10 
11 
12 
2 
log CM 
2) 
0 
0,46 
0,51 
0,55 
0,092 
CM 
% 
re la t ive 
expected 
3) 
ico 
290 
320 
360 
120 
CM 
1 
re lat ive 
observed 
5) 
100 
10 
(4 - 16) 
6 
(3 - 9) 
8 
(2 - 14) 
80 
(75-85) 
Actuator 
dB SPL 
1) 
0 
9 
20 
5 
2 
8 
log CM 
1) 
0 
0,40 
0,88 
0,22 
0,088 
kHz 
CM 
Î 
re la t ive 
expected 
3) 
100 
250 
760 
170 
120 
CM 
% 
re la t ive 
observed 
100 
108 
(80-136) 
36 
(30-42) 
153 
(112-194) 
116 
(90-142) 
1) actuator output level 
2) log CM - 0,046 (dB SPL); 0,046 is the mean coefficient of two different 
input-output p lo t s . 
3) expected on account of 1) and 2) . 
4) log CM •= 0,044 (dB SPL), mean coefficient of two input-output p lo t s . 
5) (percentage observed/percentage expected) χ 100t. 
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The percentual changes of the CM for the combined series of animals (profile 
A and B) during compression and decompression is presented in fig.4.8. From 
fig.4.8 it is clear that during the transition from C07 to C20 to D07 no sub­
stantial changes in the CM amplitude for 2 and 8 kHz occurred, while the 
transition from COI to C07 and from D07 and D01 appears to induce quite large 
changes in the CM amplitude. For a further analysis of these changes, the 
CM was studied at 1 atmosphere-steps in the usual helium-oxygen gasmixture. 
As can be seen from fig.4.9, the most important change in CM amplitude for 
2 and 8 kHz can be found in the traject between 1 and 2 atm. 
In order to trace a possible effect of the gasmixture on this phenomenon, 
the same animal was compressed in air. The same general trend with pressuri-
zation, i.e. an increase (8 kHz) and decrease (2 kHz) of the CM amplitude 
in the first few atmospheres was found. 
Taking into account the more efficient earphone output at higher pressu­
res, and the slope of the CM input-output curve in the normal state, one may 
calculate the expected CM output based on unchanged middle ear conditions. 
This may be compared to the actual corrected CM found for the test animals, 
as was done in table 4.4. As can be seen from table 4.4 and fig.4.10, the 
relative observed values at the different conditions, except for the D01 and 
C M relative-
observed C/o) 
200 
100-
0 J 
о 2 kHz 
• 8 kHz 
COI C07 C20 D07 D01 
fig.4.10. Relative observed CM, i.e. percentual shift of CM amplitude (2 and 
8 kHz) during compression and décompression, corrected for the actuator out-
put at same pressure levels. Calculations were based on: relative observed = 
(percentage observed/percentage expected) X 100%. Data derived from table 
4.4. 
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D07 condition at 8 kHz, are smaller than the observed values at the COI con­
dition, and this discrepancy is larger for larger pressure values and much 
more prominent at 2 kHz. This may be due to the fact that 8 kHz is near the 
middle ear resonance frequency at the lower pressure values. 
З.С. Compound Action Potentials and Scattergrams 
Compound action potentials were recorded and scattergrams were plotted for 
the anunals pressurized according to profile-A (n=7) and profile-B (n=4). 
Typical examples of wave forms of the compound ΛΡ using tone pips of 8 kHz 
at various intensities are presented for the COI (fig.4.11), the C20 (fig. 
4.12) and the D01 (fig.4.13) condition of a rat pressurized according to 
profile-A. 
The same series of typical examples can be shown for a rat pressurized ac­
cording to profile-B. Fig.4.14, 4.IS, 4.16 and 4.17 represent the AP for 
8 kHz at the conditions COI, C20, D01 and 7 days after decompression (at at­
mospheric pressure) respectively. 
The latency-intensity and the amplitude-intensity functions of a number of 
animals at COI and D01 are summarized in scattergrams for 2 and 8 kHz. Fig. 
4.18 and fig.4.19 show the latency-intensity scattergrams of a group of ani­
mals decompressed according to profile-A. As can be seen from these two fi­
gures, for the COI and the D01 condition, one animal (i.e. RAT 024 (·,Α)) 
shows a tendency towards longer latencies for both frequencies. Furthermore, 
it is also evident from these figures that at the same intensities for both 
frequencies the latencies at the COI condition of RAT 023 (β,Δ) are longer 
and beyond the normal range, in comparison with the latencies at the D01 
condition of this animal. 
The amplitude-intensity scattergrams for this group of animals are shown m 
fig.4.20 and fig.4.21. It is obvious that for RAT 024 (·,Α) at both frequen­
cies, the amplitudes at the COI and D01 condition appear to be below the nor­
mal range. Furthermore, at the COI condition, the amplitudes of the action 
potential of RAT 023 (β,4) for both frequencies appeared to be situated just 
beyond the normal range m comparison with the amplitudes at the D01 condi­
tion. 
The same series of scattergrams is presented for a group of animals decom­
pressed according to profile-B. From fig.4.22 it is clear that for 
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Fig.4.11. Fig. 4.12. 
Fig.4.11, 4.12, 4.12. 
Compound AP for 8000 Hz tone pips 
at various intensities for different 
pressure aonditions of a rat pressu-
rized according to profile-A. 
Fig. 4.13. 
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Fig. 4.14. Fig.4.15. 
[ 23 .^V 75 
Fig. 4.16. Fig. 4.17. 
Fig. 4.143 4.15, 4.16, 4.17. Compound AF for 8000 Hz tone bursts at various 
intensities for different -pressure conditions of a rat pressurized aaoor-
ding to profile-B. 
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Fig.4.19. Latency-intensity 
scattergram for rats pressuri­
zed according to profile-Α for 
8 kHz at the COI (0) and 
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Fig. 4. 20. Amplitude-intensity 
scattergvam for rats pressu­
rized according to profile-A 
for 2 kHz at the COI (0) and 
D01 (à) conditions. 
βjΔ refers to the COI, D01 
condition of rat 023, 
в,к refers to the COI, D01 
condition of rat 024. 
For explanation see text. 
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Fig.4.21. Amplitude-intensity 
scattergram for rats pressu­
rized according to profile-A 
for 8 kHz at the CO! (0) and 
D01 (h) conditions. 
Θ,Α refers to the COI, D01 
condition of rat 023, 
ê,k refers to the COI, D01 
condition of rat 024. 
For explanation see text. 
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Fig.4.22. Latency-intensity 
scattergram for rats pressu­
rized aaaording to profile-B 
for 8 kHz at the COI (0) and 
Ό01 (h) conditions. 
Ф,к refers to the COI, D01 
condition of rat 024. 
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Fig.4.23. Latency-intensity 
scattergram for rats pressu­
rized according to profile-B 
for 2 kHz at the COI (0) and 
D01 (ti) conditions. 
Фук refers to the COI, D01 
condition of rat 024. 
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Fig.4.24. Amplitude-intensity 
saattergram for rats pressu­
rized according to profile-B 
for 8 kHz at the COI (0) and 
D01 (h) conditions. 
0,k refers to the COI, DO! 
condition of rat 024. 
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Fig. 4. 25. Amplitude-intensity 
scattergram for rats pressu­
rized according to profile-B 
for 2 kHz at the COI (0) and 
D01 (à) conditions. 
fjA refers to the COI, D01 
condition of rat 024. 
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RAT 024 (·,Α) (which animal was already compressed according to profile-A) 
at 8 kHz the latencies at the D01 condition are shifted to longer ones, as 
it seems, well beyond the normal range. However, this was not observed for 
2 kHz (fig.4.23). 
For the same animal it is obvious from fig.4.24 and fig.4.25 that also the 
amplitude-intensity functions for both frequencies are well beyond the nor­
mal range. 
Summarizing, it can be concluded from the scattergrams that with the 
exception of the animals 023 and 024 the amplitude-intensity and latency-
intensity functions appeared to be normally distributed. RAT 023 and 
RAT 024 have to be considered in more detail as they deviate from the normal 
ranges. 
A further analysis of the obtained data of RAT 023, decompressed according 
to profile-Α, shows that the amplitude-intensity as well as the latency-
intensity functions have inproved after decompression. Therefore this devia­
tion cannot be attributed to any adverse effect of compression or decompres­
sion. 
RAT 024 was first decompressed according to profile-Α and showed similar 
latency-intensity and amplitude-intensity functions for both frequencies at 
the COI and D01 conditions, but beyond the normal distribution. 
One week later this same animal was compressed and decompressed according to 
profile-B. With the exception of a normally distributed latency-intensity 
function at 2 kHz, it appeared that the amplitude for 2 and 8 kHz and laten­
cy for 8 kHz remained unchanged, and even became worse at D01 for 8 kHz. 
From the amplitude-intensity and latency-intensity curves for 2 kHz and 
8 kHz, at different pressure levels and several days after pressurization 
according to either profile-Α or profile-B, the threshold shifts were mea­
sured. 
These data are summarized in table 4.5. With the Student's t test no signi­
ficant difference was found between the threshold shifts of profile-Α and B. 
The statistics for the combination of the threshold values (expressed in 
dB SPL) of profile-Α and В are given in table 4.6. The threshold shift, sum­
marized in table 4.7, were measured from the amplitude-intensity curves (ЗЛ, 
as well as from the latency-intensity curves (S2). The values for the actu­
ator shifts (Chapter III, section 5) are included in this table. The mean of 
the shifts was tested against the actuator shift with Student's t test; 
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TABLE 4.5. 
THRESHOLD SHIFTS DERIVED FROM THE INPUT-OUTPUT CURVES OF RATS 
PRESSURIZED ACCORDING TO PROFILE-Α OR PROFILE-B AT DIFFERENT 
PRESSURE LEVELS FOR THE STIMULUS FREQUENCIES 2 AND 8 kHz. 
S1 = THRESHOLD SHIFT MEASURED FROM THE AMPLITUDE-INTENSITY CURVES. 
S 2 = THRESHOLD SHIFT MEASURED FROM THE LATENCY (N-,)-INTENSITY CURVES. 
POST-1 = 2 - 9 DAYS. 
POST-2 = 1 4 - 1 6 DAYS. 
η = NUMBER OF MEASUREMENTS. 
8 kHz 
Sl 
η 
теал 
S.D. 
s2 
η 
mean 
S.D. 
C07 
A 
2 
-4 
В 
2 
6 
C20 
A 
5 
10 
10 
В 
6 
9 
10 
DO 7 
A 
2 
-4 
В 
3 
-2 
8 
D01 
A 
A 
3 
7 
В 
3 
1 
5 
POST-I 
A 
4 
-6 
7 
В 
5 
-3 
20 
POST-2 
A 
1 
-2 
В 
1 
-5 
2 
5 
2 
5 
5 
9 
3 
6 
2 
4 
2 
4 
3 
-1 
13 
4 
10 
8 
5 
-3 
9 
4 
0 
17 
4 
4 
12 
1 
-5 
1 
3 
2 kHz 
S1 
η 
mean 
S.D. 
S2 
η 
mean 
S.D. 
CO 7 C20 
A 
3 
-12 
2 
В 
3 
-9 
6 
D07 D01 
A 
2 
2 
В 
1 
2 
POST-1 
A 
2 
-3 
В 
3 
-5 
17 
POST-2 
A 
1 
5 
в 
3 
-4 
12 
3 
-16 
13 
2 
0 
2 
-4 
2 
6 
2 
-6 
1 
0 
significant differences were found for S.. for 8 kHz at the C20 and D07 con­
dition and for 2 kHz at the C20 condition. Furthermore a significant diffe­
rence was found for So at C20 for 8 kHz. 
These observations indicate that the changes in threshold cannot be accoun­
ted for by the change in telephone output alone. 
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TABLE 4.6. 
THRESHOLD VALUES (dB SPL) FOR PROFILE-Α AND В COMBINED. 
TOST 1 : THRESHOLD VALUES AT ATMOSPHERIC PRESSURE 2 - 9 DAYS 
AFTER DECOMPRESSION. 
TOST 2 : THRESHOLD VALUES AT ATMOSPHERIC PRESSURE 1 4 - 1 6 DAYS 
AFTER DECOMPRESSION. 
8 kHz 
η 
mean 
S.D. 
COI 
13 
2 8 . 3 
11.8 
CO 7 
4 
18.3 
11.2 
C20 
11 
18.5 
13.9 
DO 7 
5 
2 8 . 0 
20.7 
D01 
7 
25.-1 
13.0 
POST-1 
9 
32.8 
20.8 
TOST-2 
2 
21.5 
3.5 
2 kHz 
η 
mean 
S.D. 
COI 
8 
44.2 
15.3 
C07 C20 
b 
60.8 
16.5 
DO 7 D01 
3 
4 7 . 7 
2 2 . 1 
POST-1 
6 
4 8 . 0 
2 1 . 2 
POST-2 
1 
30 
The apparent shift, defined as AS = Threshold shift minor Actuator shift, 
indicating the change in hearing level is visualized in fig.4.26. For com­
parison reasons, the mean relative observed values (percentages) of the CM 
for 2 and 8 kHz at the different conditions, derived from table 2 (Chapter 
IV, section 3.b), were converted into decibles (table 4.8) and plotted as 
the apparent shift of the CM for 2 and 8 kHz respectively in fig.4.26. 
As was stated before, from the animals pressurized according to profile-C 
electrophysiological data could be recorded at the COI and C20 condition; 
however, no reliable data could be obtained during decompression because all 
the animals died before reaching D01, presumably on account of extreme bubble 
formation. Therefore, for this particular group of animals only light micros­
copical studies on the inner ears were made, and these findings will be pre­
sented in section 4 of this chapter. 
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TABLE 4.7 
THRESHOLD SHIFT (dB) FOR PROFILE-Α AND В COMBINED 
S1 = THRESHOLD SHIFT, MEASURED FRCM INPUT-OUTPUT CURVES 
S 2 = THRESHOLD SHIFT MEASURED FROM LATENCY-INTENSITY CURVES. 
(-) = THRESHOLD INCREASED. THE ACTUATOR SHIFT INDICATES THE APPARENT 
THRESHOLD SHIFT CAUSED BY THE SHIFT IN TELEPHONE OUTPUT (CHAPTER III) 
*) THE MEAN IS SIGNIFICANTLY DIFFERENT (P LESS THAN 0.05 ACCORDING 
TO STUDENT'S Τ TEST) FRCM THE ACTUATOR OUTPUT LEVEL. 
ь kHz 
η 
mean 
S.D. 
a c t u a t o r 
s h i f t 
2 kHz 
η 
mean 
S.D. 
a c t u a t o r 
s h i f t 
(07 
S
, 
4 
1 
3 
s2 
J 
5 
0 
s 
C20 
S
, 
11 
9 
S 2 
11 
5 ' 
20 
D0-
S l 
- 3 * 
s 
S 2 
5 
1 
10 
9 
IX) 1 
s
, 
2 
6 
S 2 
9 
3 
11 
2 
POST-1 
s
, 
<] 
- 4 
15 
S 2 
8 
2 
U 
0 
POST-2 
S
, 
-4 
s2 
2 
-1 
6 
0 
COI C20 
S 1 
6 
4 
S 2 
ь 
-10 
13 
12 
DO" D01 
S l 
2 
2 
4 
S 2 
J 
7 
2 
POST-1 
s
, 
5 
-4 
13 
S 2 
4 
0 
9 
0 
POST-2 
S l 
1 
5 
S 2 
1 
0 
0 
Fig.4.26. Apparent shift (AS), i.e. threshold shift minus actuator shift, in 
hearing level for A~P as derived from the data in table 4.8. For the apparent 
shift of the AP, the mean and the 95% probability range for the mean in oases 
with more than 2 observations is shown. 
A signifioant shift in hearing level is present if zero is beyond the 95% 
range. For the CM, the mean relative observed values derived from table 2, 
converted into dB, are plotted at the different pressure levels. 
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TABLE 4.8. 
1) ACTUATOR OUTPUT LEVEL (A.O.). 2) MEAN VALUE OF CM AT COI : 4.9 uV = OdB. 
3) MEAN VALUE OF CM AT COI : 2.0 uV = OdB. 4) EXPECTED SHIFT IN CM CALCULA­
TED FROM 20 χ 0.046 χ A.O. 5) EXPECTED SHIFT IN CM CALCULATED FROM 20 χ 
0.044 χ A.O. 6) APPARENT SHIFT = OBSERVED SHIFT OF CM (TABLE 1, DATA CONVER­
TED IN dB) - A.O. 7) AS 1 AND AS 2 VALUES TAKEN FROM TABLE 4.5. 
Condition 
CO7 
C20 
DO­
DO 1 
Actuator 
dB SPL 
1) 
10 
11 
12 
2 
2 kHz 
mean 
Dl 
(dB) 
relative 
coi 
2) 
-11 
-Ы 
-10 
0 
Ol 
(dB) 
relative 
expected 
4) 
9 
10 
11 
2 
Apparent 
Shift 
CM 
(dB) 
5) 
-20 
-2J 
-21 
-, 
I 
I 
AS, ¡AS, 
mean ι ne an 
SD ] SD 
(dB)'(dB) 
I 
ι 
-23 1-21 
i ι 13 
I 
I 
1 
0 1-4 
4 I -
8 kHz 
Actuator 
dB SPI 
υ 
5 
20 
9 
2 
mean 
CM 
(dB) 
relative 
COI 
'••) 
8 
9 
8 
3 
С?! 
(dB) 
relative 
expected 
5) 
4 
18 
8 
Apparent 
Shift 
Ol 
(dB) 
6) 
4 
-9 
0 
1 
AS1 ¡AS, 
meanιmean 
SD ι SD 
(dB) (dB) 
n) 
-4 ! 0 
9 1 0 
-10 ¡-15 
9 j 5 
-12 ¡-8 
8 ¡ 10 
0 1*1 
6 m 
Apparent shift (AS)-
in dB 
20-
? юн 
1 0 -
2 0 -
30-
4 0 -
50-
® 
C07 
i 
!, JLCL 
л ® ж 
8 2 kHz 
AS, · о 
A S 2 Α Δ 
CM ® @ 
H' M ι ι ι ι—I 
С20 D07 D01 p o s t i post2 
Fig.4.26. 
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3.d. Brainstem Electric Responses 
A typical example of a brainstem electric response and a compound action po­
tential (ECoG), both evoked by click stimuli at 80 dB SPL, showing the coin­
cidence of wave I and N.. and wave II and N2 is presented in f ig. 4.27. 
RAT 013 
IMPL 1706ΘΟ 
DATE 3006ΘΟ 
DT 4β EARPHONE 
CLICK 
(μν) 
20 0 
5 0 
5 0 0 
0 5 m sec 
Fig. 4. 27. Brainstem electric response and compound action potential both 
evoked by click stimuli at 80 dB SPL. 
Brainstem electric responses at the COI, C20 and D01 condition for a rat 
pressurized according to profile-Α, and for a rat pressurized according to 
profile-B at the COI, C20, D01 conditions and 7 days later (POST), are shown 
in fig.4.28 and fig.4.29 respectively. 
For a number of animals a statistical analysis of the wave intervals IV-I, 
III-I, II-I, III-II is given. The wave intervals were measured for animals 
of both profiles, under the conditions COI, C20, D01 and POST-1, i.e. 7 days 
later (table 4.9). 
The statistics for these intervals at the COI condition are presented in the 
first column; since the COI condition was similar for both profiles, the 
values for profiles A and В are combined (A,B). The same applies for the 
C20 condition. 
ECOG 
bBOdBSL 
η • 100 
104 
Fig.4.28. Fig.4.29. 
Fig. 4. 28. Brainstem electric recording at different conditions (COI, C20, 
D01Ì of a rat pressurized according to profile-A. 
Fig.4.29. Brainstem electric recording at different conditions (COI, C20, 
D01 and POST) of a rat pressurized according to profile-B. 
In the other columns of table 4.9, the differences between the wave interval 
values at the condition C20, D01 and POST-1 with respect to the values at 
COI, are presented for each animal separately. 
It is clear from this table that no clear changes in interval values occur 
under the different pressure conditions for the A as well as for the В pro­
file. 
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TABLE 4.9. 
STATISTICS OF WAVE INTERVALS IV-I, III-I, II-I AND III-II OF BRAINSTEM 
AUDITORY EVOKED RESPONSES OF RATS UNDER VARIOUS PRESSURE CONDITIONS. 
FIRST COLUMN: NUMBER, MEAN AND S.D. OF INTEVAL IN MSEC. AT COI, FOR 
THE A AND В PROFILES COMBINED (A,B). 
NEXT COLUMNS: WAVE INTERVALS OF THE INDIVIDUAL ANIMALS AT THE 
CONDITIONS C20, D01 AND POST-1 RELATIVE TO THE WAVE INTERVAL AT THE 
COI CONDITION IN MSEC, PRESENTED FOR PROFILE-Α AND В SEPARATELY 
OR FOR ΒΟΤΉ PROFILES COMBINED (A,B). 
INTERVAL 
IV - I 
III - I 
II - I 
III - II 
COI 
A, В 
η = 6 
mean = 2,7 
S.D. = 0,2 
η = 7 
mean =1,3 
S.D. = 0,1 
η = 8 
mean = 0,7 
S.D. = 0,2 
η = 7 
теал =0,7 
S.D. = 0,08 
C20 - COI 
А,Б 
- 0,2 
0 
0,3 
0 
0,1 
0,1 
0,3 
-0,1 
-0,1 
-0,1 
0,2 
0,2 
0,4 
-ο,ι 
0 
0,1 
ο,ι 
ο,ι 
D01 - COI 
A В 
- ο,ι 0,1 
0 
0 -0,1 
0,1 0 
0 
0 -0,1 
0 -0,1 
0,1 
0 -0,2 
0 0,1 
POST-I - COI 
A В 
- 0,3 0 
0,3 0,1 
0,2 
0 -0,2 
0,1 0 
0,2 0,1 
0 -0,2 
0,1 -0,1 
0,2 0 
0 -0,2 
0 0 
0 0,2 
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4. Morphology of the inner ear. 
4.a. Normobaric conditions. 
The cochlea of the rat consists of 2j turn. A micrograph of a section through 
the long axis of the modiolus was shown in Chapter 2c (fig.2.4). The cochlear 
structure does not fundamentally differ from that described in other mammals 
(Bredberg et al., 1972; Soudijn, 1976; Voelker, 1980). 
Because possible lesions of the organ of Corti can be most easily detected 
with the use of scanning electron microscopy and moreover gives the opportu-
nity of scanning the whole organ of Corti from base to the helicotrema 
(apex), this description will be mainly confined to the observations made 
with this technique. 
A scanning electron micrograph (SM) after removal of the bony wall is 
given in fig.4.30. 
Fig.4, ZO. Saanning electron miarograph of the rat cochlea after removal of 
the bony capsule. Reissner's membrane and tectorial membrane are removed 
(x 20). 
The organ of Corti is composed of sensory cells, i.e. three rows of outer 
hair cells and one row of inner hair cells, and supporting elements, some of 
them bearing microvilli (pillar cells, cells of Deiters and cells of Hensen) 
(fig.4.31, 4.32, 4.33). 
The stereocilia of the hair cells reveal a "W" configuration, which is most 
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outspoken in the outer hair cells and especially in the basal turn 
(fig.4.34). In the apical turn this configuration is less pronounced, while 
the hairs show a less regular arrangement (fig.4.35a, b, c). The stereocilia 
of each hair cell vary m length and are arranged in three rows. In nearly 
all animals it appeared that throughout the whole inner ear single hair 
cells, both inner and outer, were missing (fig.4.36a, b, c). Furthermore 
sometimes locally four rows of outer hair cells could be found while also 
duplication of the inner hair cells was observed. 
4.b. Hyperbaric conditions. 
The cochlea of 216 animals, exposed to various hyperbaric profiles were stu­
died either with light microscopy (n=13) or with scanning electron microsco­
py (n=8). 
The animals from profile-Α (n=7) and -B (n=9) were processed for morphologi­
cal examination about 2 to 3 weeks after pressurization in order to get an 
impression of the possible effects. 
Because possible deleterious effects from vascular accidents and mechanical 
damage to the cochlear duct, or disturbances of the inner ear metabolism are 
not likely to be immediately apparant as morphological changes of the organ 
of Corti directly after decompression, the animals were kept alive for about 
three weeks m order to get full expression of the induced lesions. 
This procedure appeared to be impossible in animals which were pressuri­
zed according to profile-C because they all died during the last steps of 
decompression. While adequate fixation of the inner ear structures for SEM 
studies was impossible in those animals, they were only used for light mi­
croscopical studies (n=5). 
Light microscopical examination of all ears, in which the tympanic mem­
brane was not perforated before compression, revealed the signs of a baro­
trauma, with varying severity. In some cases the whole middle ear mucosa 
showed edema and generalized bleedings while the middle ear cavity was filled 
with erythrocytes and a proteinaceous exudate (Fig.4.37.a, b, c, d). 
The majority of the cases however showed only local bleedings and a moderate 
amount of exudate and erythrocytes in the middle ear cavity. In one case 
the malleomcudal joint appeared to be slightly dislocated, revealing a wi­
dened joint space filled with erythrocytes (fig.4.38.a, b). 
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The scala tympani of the inner ear contained a large number of erythrocytes 
especially localized near the round window at the orifice of the cochlear 
aquaduct (fig.4.38.с,d). In some cases, also in the scala tympani of the 
upper parts of the basal turn and even in the second turn extravascular 
erythrocytes were present (fig.4.38.e,f). In many cases the round window 
membrane was bulging into the inner ear (fig.4.38.c,d]). The middle ear 
cavities of those ears with implanted round window electrodes and of which 
the tympanic membranes were perforated before compression, appeared to be 
normal. In some of these ears some erythrocytes were also present m the 
scala tympani near the round window although generally to a lesser extent 
than m the barotraumatic ears (fig.4.39.a,b). For the purpose of comparison 
a number of control ears from untreated animals were examined. In the majo­
rity of these ears, also a varying number of erythrocytes was found near the 
round window. In order to trace the interference of the used killing- and 
dissecting procedures on the extravasates of erythrocytes, animals compressed 
according to profile-B were fixed by intravital perfusion and thereafter the 
cars dissected (Fig.4.39.d). It appeared that erythrocytes were only present 
in the barotraumatic ear. So it seems justifiable to conclude that especially 
the venes in the scala tympani at the orifice of the cochlear aquaduct can 
easily disrupt during the decapitation or the subsequent dissecting procedure. 
In this context it must be noted that a protemaceous substance observed in 
the perilymphatic space, and often referred to as a sequel of pressurization 
on the inner ear, was not only found in animals exposed to profiles A, В and 
С but also in the ears of non-exposed animals. While m all 
categories of ears (which were studied light microscopically) the appearance 
of the sensory structures of the inner ear sometimes might be denominated as 
abnormal, the great differences observed between adjacent sections and the 
inadequate fixation procedure (immersion fixation) for this purpose made them 
unsuitable for reliable conclusions. Scanning electrom microscopy with 
intravital fixation has been shown to be superior for studying the integrity 
of the organ of Corti. 
From all inner ears of animais decompressed according to profile-A (n=3) and 
profile-B (n=5), studied with this latter technique, no differences m the 
appearance of the surface structure of the organ of Corti was observed as 
compared to the non-exposed animals. 
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Fig.4.31. SEM of second turn showing the arrangement of 3 rows of outer 
hair oells (OH) and one row of inner hair cells (IH). 
R: remnant of Reissner's membrane, L: limbus spiralis, 
TM: curled tectorial membrane. 
(x 160). 
Fig.4. 22. Apical surface of hair cells and supporting cells of the organ 
of Corti (part of the basal turn). 
PC: pillar cells, ISC: inner sulcus cells, HC: cells of Mensen. 
(χ 640). 
Fig.4.33. Fractured surface of the organ of Corti showing processus of 
cells of Deiter (Ρ) and bodies of outer hair cells with large 
intercellular spaces. 
(x 1250). 
Fig.4.34. Stereocillia of outer hair cells revealing "W" configuration, 
and microvilli bearing supporting cells (D). 
(x 2500). 
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4.31 
fig.4.32 
ЧІ \// V/ V/ чу ч^ \у( ^4 \Ъ 
-ι*ψ**Α ^ ν ν/ 
fig.4.33 fig.4.34 
m 
Ь'ъд. 4. 35. а, Ъ, а. 
Apiaal turn showing less pronounced stereoeillia configuration. 
Note at the very end (a) of the organ of Corti two rows of outer hair 
cells gradually passing into the inner hair cells. 
HC: cells of Hensen, IH: inner hair cells_, IS: inner sulcus, 
OH: outer hair cells, TM: tectorial membrane. 
(35.α, χ 320) 
(¿S.b, ХІ250) 
(35.с, ХІ250). 
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Fig. 4. 26. а, Ъ, а. 
Apical part of seaond turn (fig. 36.a)
s
 middle part of apical turn 
(fig.Ze.b), and lower part of the basal turn (fig. 36.c) showing 
missing outer hair cells. M -*• : missing outer hair cells. 
(36.a, χ 320) 
(36.b, ХІ250) 
(36. c, x2500). 
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f i g . 4 . 3 6 a 
f ig. 4.36 b 
'^ V V >/ Ν/· 
Ч^ Ν/ , \ 
f ig.4.36с 
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Fig. 4. 57. а, Ь, a, d. 
Example of severe middle ear barotrauma from animals in which the tympanic 
membrane was not perforated before compression. 
The middle ear cavity (M) is filled with extravasate consisting of 
erythrocytes and proteinaceous (P) exudate (fig. 27.a, d). 
The middle ear mucosa reveals oedema and subepithelial haemorrhages (H). 
C: cochlea, T: tympanic membrane, S: stapedial artery, (•*•): ciliated epi­
thelium. 
(37.a, χ 35) 
(37.Ъ, ХІ30) 
(37.с, ХІ30) 
(37.d, χ 56) 
Toluidin Blue. 
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fig.4.37a ' : 
•'V, 
• • ' • - ^ 
fig.4.37 b fig 4 37с 
fig 4 37d 
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Fig. 4. 38. a, b, Oj d, e3 f. 
Various aspects of barotrauma. 
Dislocation of the malleo-incudal joint revealing widened joint-space 
filled with erythrocytes (fig.38.a, 38.b). 
Extravasal erythrocytes (E) near the round window close to the orifice 
of the cochlear aquaduct (A) (fig.38.c, 38.d). 
Note the bulging of the round window membrane (R) (fig.38.c). 
Accumulation of extravasal blood in the upper part of the basal cochlear 
tiam in two different animals (fig. 38. e, 38. f). 
M: middle ear, MA: malleus, I: incus, ST: scala tympani. 
(38.a, χ 35) 
(38. b, xl30) 
(38.c, χ 35) 
(38. d, xl30) 
(38.e, χ 35) 
(38.f, χ 35) 
Toluidin Blue. 
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Fig. 4. 39.a, Ъ3 a, d. 
M-íarographs of inner ears fixed with immersion fixation (fig.39.a, 39.b, 
39.a) or intravital perfusion fixation (fig.39.d), in which the tympanic 
membrane was perforated before compression. 
Note the presence of extravasal erythrocytes (E) near the orifice of the 
cochlear aquaduct (A) (fig.39.a) and at the upper part of the basal turn 
(fig.39.b). 
Fig.39.с shows the presence of proteinaoeous exudate (P) on the 
Reissner's membrane. 
After perfusion fixation no extravasate is observed near the round 
window (R) (fig.39.d). In contrast to the immersion fixation, the organ 
of Corti is well preserved after the perfusion fixation technique. 
M: middle ear. A: cochlear aquaduct, 0: organ of Corti, R: round window 
membrane, E: erythrocytes, P: proteînaceous transudate. 
(39.a, χ 35) 
(39.b, χ 35) 
(39.c, χ 56) 
(39.d, ХІ30) 
Toluidin Blue. 
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f ig 4.39b 
f ig 4 39c 
fig.4.39d 
5. Ultrasonic surveillance of decompression sickness 
Typical registrations are shown in fig.4.40. Moving blood gives a continuous 
background noise. 
dB 
О 10 20 30 sec 
Fig.4. 40. Typical signals observed with transducer at 1 ATA. 
a. No bubbles; registration without use of filter. 
b. No bubbles; recording with use of low pass (1 Hz) filter to minimize 
noise of cardiac action. 
с No bubbles; recorded after injection of 0.2 cc NaCl 0.9% at Л,. 
d. Burst observed (BJ after injection of 0.01 cc of air at A«. 
e. Burst observed (BJ after injection of 0.05 cc of air at Л,. 
Registering this noise and reflections of moving tissue bounderies (heart), 
after a log transformation onto paper of a linear recorder, will give a sig­
nal form as seen in fig.4.40a . The signal after filtering the cardiac noise 
with a low pass filter (1 Hz) is presented in fig.4.40b . 
Other data were collected by the following experiment. A right femoral vene 
of a rat was catheterized after Nembutal narcosis. With a syringe 0,2 cc 
saline was injected into the femoral catheter at A 1. No obvious dc-shift was 
recorded (fig.4.4Oc). 
However after injection of 0.01 cc of air (at A2) a burst (=upward deflection 
of the base line) can be seen at B-, (fig.4.40d). The same goes for fig.4.40e 
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where a bigger burst can be seen after injection 0.05 cc of air. 
Simultaneously with the arousal of the bursts, a typical sound, to be des­
cribed as "plops", can be heard through the loudspeaker of the emboli de­
tector. 
In a second experiment rats anaesthetized with Nembutal were pressurized and 
decompressed according to profile-Α and profile-C (for a detailed description 
on the different dive profiles the reader is referred to chapter 3). 
A typical recording of the decompression phase of profile-Α and of profile-C 
is shown in fig.4.41. 
a B | PROFILE-A"") I PROFILE c~ 
20 ATA 20 ATA 
01члг^....Ь^2 
с 
4 A T A 4 ATA 
d 
2 5 ATA 2 5 ATA 
OJ 
10 
e 
1 ATA 1 ATA 
л/ЧЛ ^ іЛЛ 
ft/Vwv 
Fig.4. 41. 
Typical response traces on recorder using 
different decompression profiles (A and C). 
Profile-A: No neu sounds heard to accompany 
normal heart beat sounds; no ob­
vious dc-shift recorded at 20, 
4, 2.5 and 1 ATA. 
Profile-C: First few extra sounds, to be 
described as "plops" heard at 
7 ATA (b). 
Many such "plops" at 4, 2.5 and 
1 ATA; note dc-shift of recorded 
signals roughly corresponding to 
amount of "plops" heard 
(bj e, d, e and f). 
Profile-Α was developed as a scheme through which the possiblity of inducing 
decompression sickness was as minimal as possible. 
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As could be concluded from the records during profile-Α (n=12) no sounds were 
heard that could point to the existence of detectable gas bubbles all the 
way up to 1 hour after surfacing. Also no pronounced dc-shift at 7, 4, 2.5 
and 1 ATA as compared to the average dc-level seen at 20 ATA (fig.4.41) was 
found. Moreover, all the animals stayed alive after surfacing. 
In profile-C (n=6), during the decompression phase always a certain "plop-
rate" was heard. At 7 ATA generally a few extra sounds were heard among the 
background noise of "cardiac action" and, in comparison with the 7 ATA re­
gistration of profile-Α, a slight dc-shift was observed. This shift was much 
larger at 4, 2.5 and 1 ATA. At these levels, and still after 60 minutes at 
1 ATA, i.e. if the animal had not already died during the decompression, an 
overwhelming "plop-rate" was perceived. The noise of the cardiac action V7as 
sometimes totally indistinguishable from the plops. In conclusion, animals 
decompressed according to profile-C all died, presumably on account of de­
compression sickness, in all of them an obvious dc-shift had been recorded 
before death. 
The intersubject variability in producing bubbles m tissues supersaturated 
with gas on marginal decompression schemes is reflected m the different re­
cordings of rats (n=10) exposed to profile-B. In most cases of profile-B 
(n=8) bubbles could be heard, starting at 7 ATA, and an obvious 
dc-shift would consequently be recorded. Moreover, 5 of these 8 animals even 
died during the last phase of decompression. However, in the remaining 2 
animals decompressed according to profile-B, no "plops" were heard and the 
recordings at the different exposure levels do not differ much from a typi­
cal profile-A recording, indicating the absence of many bubbles. 
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CHAPTER V 
DISCUSSION 
I. Calibration of sound stimulus device. 
A prerequisite.in the reliable performance of experimental studies in hyper-
baric environments is a careful monitoring of different parameters, like 
body temperature, CCL level and oxygen concentration. 
In addition, the present investigation clearly demonstrates that (in studies 
on the functioning of the auditory organ at hyperbaric conditions) a care-
ful analysis of the behaviour of the sound stimulus device at the various 
pressure levels and the gas mixtures studied, is of crucial importance to 
avoid misinterpretation of the obtained data. The present calibration expe-
riments by means of the electrostatic actuator indicate that the output of 
condenser microphone is highly dependent on the used gas mixtures and the 
pressures applied, while no great differences were found in the output at 
the same pressure levels during compression or decompression. These data 
are in accordance with the observations made by Thomas et al. (1972), 
Brown (1977) and Harris (1980). 
A linear change in the sensitivity of the microphone with ambient pressure 
of 2 dB/atm. (Briiel and Kjaer handbook, 1976) could not be established. 
The calibration of earphones learns that there is a great variability in 
the behaviour of the various types of earphones as a function of pressure 
and gas mixture. Therefore, the conclusion is justified that auditory re-
search in hyperbaric environments, using standard earphones should be 
evaluated with caution, and calibration at all different environments in 
which they are used, is a necessary demand. 
The observed increased efficiency of the earphone at hyperbaric conditions 
results in higher output pressures and this increase is larger at 8 kHz than 
at 2 kHz. However, between 6000 and 10000 Hz the gain in sensitivity of the 
earphone seems to exhibit a considerable amount of variation at the diffe-
rent atmospheric conditions, probably on account of the shift in resonance 
peaks. This implies that it is difficult to calculate accurately the diffe-
rence in gain of the earphone sensitivity at the hyperbaric conditions for 
helium oxygen and air at 8 kHz on account of the shifts in resonance peaks. 
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2. Doppler aontrolleâ dive-profiles. 
The rat has been used in a large variety of studies on hyperbaric conditions, 
but it has never been the subject of comparable investigations on the func-
tioning of the auditory system. 
The present study shows that this animal with chronically implanted electro-
des appears to be a suitable experimental model allowing a reliable recor-
ding of electrical signals from the cochlea and the brainstem elicited by 
acoustical stimulation of the auditory organ. Apart from a study of the 
functioning of the hearing organ under "safe" pressure conditions (profile-A) 
it was the intention to trace the effect of induced decompression sickness 
(profiles В and C) on the hearing organ. These profiles were roughly composed 
from behavioural observations (Berghage, 1975, 1976, 1979) and Doppler indi­
ces (Wall and Lin, 1980). For evaluating the character of the used profiles 
a Doppler design was used. However the used method has severe limitations 
because only one location of the body is monitored. The transcutaneous pre­
cordial Doppler transducer therefore gives virtually no information on the 
point of origin and size of the bubbles and no information on static bubbles. 
However from the survival rate in the rats exposed to profile В and C, res­
pectively 50°6 and 006, a further differentiation in the severity of bubble 
formation can be concluded. Apart from this it remains still a matter of 
dispute how these bubbles can be related to the various expressions of de­
compression sickness. According to Butler, even if an "overload" of 
bubbles is introduced (profile-C), it is uncertain if these bubbles can pass 
the lungs and escape into the arterial system (Butler et al., 1979). On the 
other hand, even if the lung is a superb filter for venous bubbles, one can­
not exclude the existence of bubbles which arise de novo in the arterial 
system, or other decompression sickness linked problems which could cause 
inner ear and/or brainstem problems. Altogether the transcuteneous precor­
dial Doppler transducer is an easy applicable device, which can give some 
information on the general well being of the animal during the experiment 
(e.g. heart action), and also crudely differentiates between a so called 
"safe-dive" (profile-Α) and dives during which one can encounter bubbles 
(profile-B.C). 
126 
3. Effects on the middle ear. 
The recording of the cochlear microphonics during compression and decompres­
sion shows a remarkable decrease of this potential at 2 kHz during the first 
stage of increased pressure, while there is a sharp increase at 8 kHz in the 
same pressure range. This phenomenon is more pronounced in the helium-oxygen 
mixture than in air. As the compiicance values (C = ) for the different 
2 
PC 
gases at the same pressure levels are rather similar (Table 3.1), i.e. the 
difference of the CM behaviour in helium - oxygen as compared to air, cannot 
be explained on the basis of the differences in the impedance of the middle 
ear system. 
The Relative density is highly dependent on the percentage of helium present 
at the various pressure levels (Table 5.1). 
TABLE 5.1. 
FOR THE DIFFERENT CONDITIONS (FIRST COLUMN) THE RELATIVE DENSITY (R.d) 
AND THE HELIUM PERCENTAGE (He %) ARE TABULIZED. 
Ή IE APPARENT RESONANCE FREQUENCIES ARE CALCUUTED 
BY THE APPROXIMATION ω = ω /P. 
Condition 
COI, D01 
COI. 5 
C02 
C02.5 
COS, DOS 
C20 
R.d 
1 
0.8 
0.6 
0.3 
0.23 
0.17 
He (».) 
-
33 
50 
80 
90 
97 
Apparent ' 
resonance 
frequency 
6 
7.5 
8.4 
9.4 
13.4 
26.8 
As can be seen also from fig.5.1, the percentage of helium shows a steep rise 
during the first few atmospheres of the conpression phase, while after 2,SATA 
(CO 2,5) it increases only slowly, i.e. from 801 to 971. 
127 
"Л, He-
ЮОп 
50-
-Relative density (R.d.) 
pHe-02 
I I 
β 10 12 14 16 18 20 
Pressure (atm) 
Fig.5.1. The helium •percentage (He) and the Relative density (R.d) of the 
gasmixtures for the different (pressure) conditions. 
So, for approximation reasons, the breathing mixture, with respect to the 
Relative density, can be considered to consist of only helium from the C02.5 
up to C20 condition. 
Increased atmospheric pressure affects the ratio of the acoustic impedances 
of the inner ear fluid, Z· , and of the gasmixture, Ζ , which is normally 
compensated for by the pressure gain provided by the middle ear action (as 
described in Chapter II). 
While the impedance of the inner ear is independent of gas pressure, the 
ratio Ζ- /Z will be dependent of gas pressure. The specific acoustic im­
pedance of the gasmixture is equal to ρ с (о0, 1 atm) and this quantity may 
be pressure, as well as gas density dependent: 
Z ^ (T,P) = p c ЩХ .Ρ gm o o Ύ (Chapter Π ) (1) 
Thus, at constant temperature and increasing pressure, the ratio Z· Jl 
will therefore decrease, which will result in a better sound transmission 
given by (Seto, 1977): 
\ 4 ν ζ
№ 
β
 =_ ÍL-
4 Ζ 
ie (1 + Ζ- /Ζ γ 
κ
 ie' gnr Ζ. /Ζ ie gm 
gm 
Ζ. ie 
(Ζ. » Ζ ) 4
 ie girr (2) 
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where α is the sound energy transmission coefficient, and I- and L· the 
incident and transmitted sound intensity respectively. 
The phenomenon of better sound transmission at increasing pressures has been 
discussed in Chapter III with respect to the more efficient output of the 
earphones at higher pressures. 
Because the Ζ of air is higher than the Ζ of helium, (table 3.1) the gm ö gm ' 
general decrease of the CM at 2 kHz at higher pressures, which is apparently 
less in air than in helium, may be explained by the better sound transmission 
in air. 
The increase of the CM at 8 kHz might be expected to be larger in air than 
in helium - oxygen, but this cannot be confirmed with regard to the data ob-
tained from this particular animal (fig.4.10). No precise explanation can 
account for this discrepancy, but it must be noted that the data only con-
cerns one animal, and it is extremely difficult to calculate the exact gain 
of the earphone sensitivity around 8 kHz. Besides the difference in effects 
of either helium - oxygen or air on the CM, the changes of the observed 
values of the CM for 2 and 8 kHz respectively, must be considered in more 
detail. 
The resonance frequency of the middle ear system of a rat can be supposed 
to be round 6 kHz at normobaric conditions in air (own observations). For 
the resonance frequency at hyperbaric conditions the equation ω = ω /Ρ 
(equation 8, chapter II) holds: 
The apparent resonance frequency (table 5.1) at the C03 condition is already 
higher than 8 kHz. This means that the stimulus frequencies 2 and 8 kHz are 
well below the resonance frequency at the different pressure conditions, 
except for the 8 kHz in the transition COI to C02 and D02 to D01. 
Well below the resonance frequency, Ζ = •
 r
 , and around the resonance 
n
 ' ' m ~j(i)C 
•' m 
frequency, Ζ = R . Thus, at the different hyperbaric conditions the 
approximation Ζ = • ^  + R is justified. 
m
 •'
ω
 m 
The amplitude of the CM in a normal cochlea is proportional to the amplitude 
of the basilar membrane displacement which in turn is proportional to the 
stapes velocity (Dallos, 1976). 
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p t 
Since ν = -γ- (equation 1, chapter II), 
' m 
OTaZ^1. (3) 
1 ^ ш Со Therefore CM a ρ — = •
 R ^—-^- . (4) 
R + • M J mo 
m Τωϋ J
 о 
Thus, from a theoretical point of view, the real part of the CM varies 
proportional to: 2 R -, 2 
m о (5) 
1—2—ΊΓ' 
m о 
indicating a relatively large influence of the pressure, which will be 
larger for lower frequencies. 
The observed values of the CM amplitude of the test animals at the 
different hyperbaric conditions were smaller than the expected values. 
This discrepancy was found to be larger at higher pressure and at the 
lowest stimulus frequency, i.e. 2 kHz. Therefore the observed effects 
of pressure on the CM for 2 and 8 kHz, can be explained by the approxi­
mation made in equation 5. 
This indicates that changes in CM can be explained qualitatively on basis of 
changes in the middle ear. 
4. Coahlear and Brainstem Eleatria Responses. 
From the latency-intensity and amplitude intensity function of the action 
potentials evoked by tone pips of 2000 and 8000 Hz it appeared that no 
difference could be found between profile-Α and B. These functions before 
decompression, immediately after decompression and after 10 days showed a 
normal distribution with the exception of the two animals (023 and 024) 
(Chapter IV, Fig.4.18 to 4.25). An analysis of the response pattern of rat 
023, decompressed according profile-Α, showed that the latency-intensity as 
well as the amplitude-intensity functions were improved after decompression 
and therefore this deviation cannot be attributed to any adverse affect of 
either compression or decompression. 
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Comparable observations were made m animals which were compressed shortly 
after the implantation of the electrodes. In these animals this phenomenon 
was likely be due to the presence of fluid in the middle car cavity. 
Although in this particular case no obvious fluid was observed in the middle 
ear, the presence of some fluid in the round window niche which cannot be 
observed through the tympanic membrane might be an explanation for the ob­
served discrepancy. The response pattern of rat 024 revealed, that after 
decompression according to profile-B the amplitude for 2 and 8 kHz and the 
latency for 8 kHz remained unchanged or even became worse at the D01 condi­
tions. Because this animal had poor amplitude and latency functions of un­
known cause before it even had been in the hyperbaric chamber, a discussion 
on any adverse effect of either compression or decompression seems invalid. 
A possible explanation might be a pre-existing poor sound conducting system. 
An analysis of the threshold shifts for the action potentials at various 
pressure levels during compression/decompression and several days after 
pressunzation, showed no significant differences between the shifts for 
profiles A and В (table 4.5). The parallel shifts of the amplitude-intensity 
and latency-intensity functions at the different pressure levels for the 
various profiles points to the interference of high pressure with 
the efficiency of the sound transmission. These shifts appeared not signifi­
cantly different from the mean apparent shift of the CM, shown to depend on 
the increase of the middle ear impédance at high pressures (fig.4.26). 
These observations, together with the lack of any observable change of the 
sensory hairs of the organ of Corti as shown by the scanning electron micros-
copy, justify the conclusion that the same underlying mechanism, as discussed 
for the apparent shift of the CM at the different conditions can be held 
responsible for the threshold shifts of the action potentials. Also, for the 
higher neural tracts of the auditory system, no deleterious effects of the 
hyperbaric conditions were found as can be concluded from the absence of any 
clear change in the interval values in the brainstem electric responses. 
5. Morphology. 
The observed integrity of the sensory hairs of the hair cells of the organ 
of Corti can be supposed to be the most convincing argument for the absence 
of any adverse effect of the hyperbaric conditions used m these experiments. 
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Although bleedings can easily be evoked in the scala tympani, this does not 
necessarily involve damage to the sensory structures. This bleeding appeared 
to be especially confined to the area close to the orifice of the cochlear 
aquaduct. Although they can easily be induced by some decapitation and 
fixation procedures, they were clearly more extensive in the barotraumatic 
ears. An explanation for the high vulnerability of the vessels at that site 
might be their special anatomical position, where they are exposed not only 
to an increase of the blood pressure but also to abrupt pressure changes 
either by the explosive or implosive routes (Goodhill, 1971). 
The results of the present study are in contradiction with the results of 
several other animal studies reviewed in Chapter II, where haemorrhages and 
proteinaceous precipitates in the cochlear fluids were used as parameters 
for cochlear damage. 
In the search for an explanation of this discrepancy it must be noted that 
many possibilities can be inferred which can lead to a misinterpretation of 
the obtained results. As described in Chapter IV, a very sophisticated tech-
nique is of crucial importance in avoiding artefacts in studies on the mor-
phology of the inner ear and to decide on pathological changes. However most 
of the cited studies do not meet these criteria. 
All morphological studies on the effects of hyperbaric conditions have been 
performed with paraffine sections (Lamkin, 1976; Long, 1976). Apart from the 
easy introduction of artefacts and the limited number of hair cells that can 
be studied, this technique is far inferior to the use of scanning electron 
microscopy. This latter technique enables the examination of all sensory 
hairs of the whole inner ear and the integrity of the sensory hairs has been 
shown to be a very sensitive parameter for the conditions of the hair cells 
(Soudijn, 1976). Concerning the reported post-dive sensorineural hearing 
losses in various studies it must be noted that often only the cochlear mi-
crophonics are used as a parameter. This, together witli the described experi-
mental conditions make it unlikely that one can differentiate on this basis 
between a conductive and a sensorineural hearing loss (Miller, 1971; 
McCormick, 1972). 
The results from this experimental study of the rat allow the following con-
clusions. Using safe and unsafe profiles always induces an extensive baro-
trauma of the middle ear if the tympanic membrane is not perforated. 
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However, diving with and without a perforated tympanic membrane does not re-
sult in lesions of the organ of Corti. 
Summarizing it can be stated that, because of the complexity of the pheno-
mena that can be associated with hyperbaric conditions and formation of 
bubbles, the present study cannot give any contribution to the explanation 
of sensorineural hearing loss in humans of unknown etiology as a consequence 
of diving. 
This study however convincingly demonstrates the importance of rigid con- · 
trolled experimental conditions in fundamental studies on this subject, to 
prevent incorrect conclusions. 
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SUMMARY 
Persistent inner ear injuries in diving have been noted more frequently over 
the past decades; they have been described after diving at shallow depths, 
at stable deep depths and/or after exposures to great pressures in (de)com-
press ion chambers. Most divers who suffer inner ear injuries related to 
diving arc supposed to have either inner ear barotrauma, labyrinthine window 
rupture or inner ear decompression sickness. An accurate diagnosis is impor-
tant because inappropriate treatment could be disastrous for the residual 
function of the inner ear. However many times the differential diagnosis is 
difficult to establish and in many instances a clear insight into the etio-
logical events even remains absent. 
Experiments in animals have shown that hearing loss might be induced at high 
pressures and after the introduction of some degree of decompression sick-
ness. However, many results in the literature on this subject do not meet 
the rigid criteria necessary for a reliable study on the effects of hyper-
baric environments and the inner ear, both from a functional and morphologi-
cal point of view. 
The purpose of the present study was to establish the inner ear and auditory 
brainstem function under a variety of hyperbaric conditions, using appropri-
ate electrophysiological and morphological methods. 
The albino rat supplied with chronically implanted electrodes for recording 
ECoG and BER, was used as experimental animal. 
In Chapter I a short history of diving techniques and some relevant 
aspects of the physiology and pathophysiology of diving are discussed. 
In Chapter II a review of the hearing and vestibular function in hyper-
baric environments is presented. 
In Chapter III a detailed account is given of the used monitoring equip-
ment of the different hyperbaric conditions (profiles) and of the measuring 
device for transcutaneous ultrasonic bubble detection. Also, the calibration 
of the earphone by means of the electrostatic actuator, the stimulation and 
recording apparatus of the Electrocochleography and Brainstem Electric Res-
ponses and the light microscopical and scanning microscopical techniques 
are discussed. 
The results of the function of the auditory system at normo- and hyper-
baric conditions, as well as the outcome of the different morphological 
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studies on the inner ears of the exposed animals are presented in Chapter IV. 
The findings and implications of the present study are discussed in 
Chapter V. 
The importance of preventing an extensive barotrauma of the middle ear by 
means of a puncture of the tympanic membrane before the actual dives was 
stressed. The changes of the cochlear microphonics and the action potentials 
at the different hyperbaric conditions could be explained qualitatively on 
the basis of changes in the middle ear, moreover no deleterious effects on 
the inner ear as well as on the higher neural tracts were found on account 
of the ECoG and BER data. The most convincing argument for the absence of 
any adverse effect of the hyperbaric conditions used, was the observed in-
tegrity of the sensory hairs of the hair cells of the organ of Corti. 
Finally in discussing the controversial data on this subject from the lite-
rature the importance of rigid controlled conditions m the reliable perfor-
mance of experimental studies in hyperbaric environments was stressed. 
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SAMENVATTING 
Blijvende beschadigingen van het binnenoor ten gevolge van duiken, worden 
de laatste decennia steeds vaker waargenomen. Ze blijken zowel op te treden 
na duiken op geringe diepten als tijdens het verblijf op grote diepten en 
tijdens expositie aan hoge drukken in (dejcompressie kamers. 
Als oorzaak voor deze binnenoorbeschadigingen wordt meestal een barotrauma 
van het binnenoor, een ruptuur van het ronde en/of ovale venstermembraam of 
decompressieziekte van het binnenoor verondersteld. De diagnose hiervan is 
echter in vele gevallen moeilijk te stellen en vaak blijft de juiste toe-
dracht van het ongeval volledig onduidelijk. 
Dierexperimenteel onderzoek heeft aangetoond dat gehoorverliezen kunnen 
ontstaan als gevolg van expositie aan hoge drukken en als gevolg van decom-
pressieziekte van het binnenoor. 
Helaas ontbreekt het bij een belangrijk deel van het gepubliceerde onder-
zoek aan voldoende zorgvuldige experimentele criteria die noodzakelijk 
zijn voor een betrouwbaar morphologisch en functioneel onderzoek naar 
het effect van hyperbare condities op het binnenoor. 
effecten van hyperbare condities op het binnenoor. 
Het doel van deze studie was de binnenoor functie en hersenstamfunctie onder 
een aantal hyperbare condities na te gaan. Dit werd onderzocht met behulp 
van electrophysiologische en morphologische methoden. 
De albino rat werd gebruikt als proefdier. Voor liet meten van de binnenoor-
en hersenstamfunctie werden electroden geïmplanteerd op de cochlea en op 
de vertex. 
In hoofdstuk I wordt een kort overzicht gegeven van de geschiedenis van het 
ontstaan van bepaalde duiktechnieken en verder worden hierin enige relevante 
aspecten met betrekking tot de physiologie en pathophysiologic van het 
duiken nader belicht. 
Hoofdstuk II geeft een literatuur overzicht van de functie van het gehoor-
orgaan en het evenwichtsorgaan onder hyperbare condities. 
In Hoofdstuk III worden de verschillende duikprofielen, de gebruikte appa-
ratuur, de calibratie van de telefoons en de gebruikte morphologische tech-
niek beschreven. 
In Hoofdstuk IV worden de resultaten weergegeven van de metingen aan het 
auditieve systeem op normo- en hyperbaar niveau evenals de resultaten van 
het morphologisch onderzoek aan middenoor en binnenoor. 
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De resultaten en implicaties van dit onderzoek worden bediscussieerd m 
Hoofdstuk V. Allereerst wordt het belang van een trommelvliespunctie, 
alvorens de proefdieren aan deze duik profielen te onderwerpen ter voor-
koming van een uitgebreid barotrauma, besproken. 
De waargenomen veranderingen van de Cochleaire Microphonische Potentialen 
en de Actie Potentialen op verschillende drukniveaus kunnen kwalitatief 
verklaard worden op grond van veranderingen in het middenoorsysteem. 
Aan de hand van de, door middel van ECoG en BER verkregen gegevens, kunnen 
geen beschadigingen op het niveau van het binnenoor of hersenstam vastge-
steld worden. Dit wordt bevestigd door het ontbreken van enig nadelig 
effect van de gebruikte hyperbare condities op de haarcellen van het orgaan 
van Corti. 
Tenslotte wordt bij de bespreking van de controversiële literatuurgegevens 
hieromtrent nogmaals het belang van nauwkeurig gedefinieerde condities 
voor een goede proefopstelling bij hyperbaar onderzoek benadrukt. 
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STELLINGEN 
I Voor het detecteren van bewegende gasbellen tijdens de decompressie-
fase in de veneuze en/of artenêle circulatie van proefdieren onder 
narcose is transcutaan Doppler onderzoek een eenvoudige screemngs-
methode. 
Dit proefschrift. 
II Ten einde het gedrag te kennen van microfoons en telefoons onder hoge 
druk, is voorafgaande aan het gebruik van ieder nieuw type telefoon of 
microfoon een nauwkeurige ijking vereist. Een mogelijkheid hiertoe 
levert de zgn. "electrostatic actuator." 
Dit proefschrift. 
III Voor het bestuderen van eventuele nadelige effecten van hyperbare con-
dities op het binnenoor van de rat, is scanning electronen microscopie 
een betrouwbare onderzoeksmethodiek. 
Dit proefschrift. 
IV Bij de behandeling van hoofd- halstumoren door middel van radiotherapie 
in combinatie met Misonidazole moet ernstig rekening gehouden worden 
met de ototoxische werking van deze zgn."hypoxic cell radiosensitizer." 
Br. J. Cancer (1977) 35, 567. 
Arch. Otolaryngol. Vol.107, 
Jan. 1981. 
V De als fysisch model, voor radiotherapeutische foton bundels, in ge-
bruik zijnde "tissue air ratio" methode, vormt een adequate beschrij-
ving in het geval van lage energieën (tot 6 à 10 MV). Bij foton bundels 
met hogere energieën kan dit model niet zonder meer worden toegepast. 
VI Het verdient aanbeveling de antineoplastische activiteit ten aanzien 
van soliede tumoren van Dibromodulcital aan te wenden bi] de behande-
ling van hoofd- halstumoren. 
Cancer Treatment Reviews (1979) 
6, 191-204. 
VII De Pectoralis major myocutane lap is bi] uitstek geschikt voor directe 
reconstructies in het hoofd- halsgebied. 
Arch. Otol. (1981), vol. 107, 
23-26. 
VIII Gezien het belang van de in Nederland studerende Antillianen voor de 
toekomst van onafhankelijk Antillen, dient hun positie bij de ronde 
tafel conferenties tussen beide landen ter sprake te komen. 
IX Scanning van de gianduia parotis door middel van intraveneuze injectie 
van 10m Cl natrium pertechnetaat kan een belangrijke bijdrage leveren 
aan de differentiële diagnostiek van parotis afwijkingen. 
Arch. Otolaryngol. (1981), 
40-44. 
X Mammaechografie is ongeschikt als screeningsmethode bij de vroege 
opsporing van mammatumoren. 
XI De aanwezigheid van halskliermetastasen bij Τ - Τ tumoren in larynx 
en pharynx blijkt van prognostische betekenis te zijn indien deze ge­
lokaliseerd zijn contralateraal, bilateraal dan wel in de posterieure 
halsdriehoek. 
XII Het "tramhokje" van Emil van Averbeke en de "grijze telefooncel" van 
Brinkman en van der Vlugt getuigen van een merkwaardige verschil in de 
vooruitstrevende ideeën over de plaats van de arbeider die bovenge-
noemde architecten trachtten uit te drukken. 
Catalogus Art Nouveau België, 
1981, pag.37. 
NRC Handelsblad, 31 jan. 1981. 
Stellingen behorende bi] het proefschrift van P.C.Levendag, The Inner ear 
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